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ABSTRACT 


The purposes of this work were: 

1) to develop and compare equilibrium calculations 
and a reactor modeling procedure for predicting the perfor- 
mance of a Claus process catalytic converter; 

2) to evaluate under laboratory conditions a newly 
developed catalyst for the Claus process; and 

3) to test for the maximum obtainable conversion 
level in a laboratory fixed-bed catalytic converter. 

Before undertaking experimental measurement of 
reaction conversions, preliminary investigations were made 
to improve the accuracy of the gas chromatographic analysis 
and to ensure that no additional reaction other than that 
in the catalyst bed occurred. 

To evaluate the bifunctional activity of a newly 


developed catalyst for two major reactions in a Clause unit; 


2 H.S + SO. =—™ 2 H.O + Sn (1) 


z 4 ty 


Sn (2) 


3 |W 


2.005 0-+ SO, caine mee CO, + 


an experimental study of four different types of catalysts 
was conducted. These catalysts included: pure y-alumina 
(Kaiser S-201), 5.4% Cu-on-alumina, 12.08% Cu-on-alumina and 
16.07% Cu-on-alumina. Kinetic studies using a 1 inch dia- 
meter integral fixed-bed reactor of 316 stainless steel were 


conducted at space velocities ranging from 25,000 to 


iv 
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150,000 fe + A total of 83 kinetic runs were completed at 
556 + 2.8 °K, 932 + 9 psia, and nearly constant feed compos- 
ition, 2.9 + 0.12 mole percent of HS (Oe tue) eanG «hwo ee TU NLe 
mole percent of SO., with the balance No: The Cu-on-alumina 
catalyst proved to be a good bifunctional catalyst for Claus 
Operational conditions. Its catalytic activity was depend- 
ent upon the copper content: for reaction (1), a copper 
content of about 5% by weight maximized the catalytic ac- 
tivity; while for reaction (2), the catalytic activity de- 
creased as the copper content increased. The exact reason 
for this effect of copper content on the bifunctional cat- 
alytic activities is not clear at this point. It is postu- 
lated that the catalytic activity change may be attributed 
to sulfided copper for reaction (1) combined with elimin- 
ation of Lewis-acid as well as basic sites on the y-alumina 
surface by copper. 

A total of 10 kinetic runs were carried out at very 
low space velocities, 4 and 100 hr t, to obtain the maximum 
obtainable conversion level of the Claus reaction in a fixed- 
bed integral reactor. The resulting experimental conver- 
Sions were found to be greater than the predicted thermo- 
dynamic equilibrium conversions under the same reaction 
temperature. Some possible explanations for this discrep- 


ancy are examined. 
Adiabatic reaction paths were calculated for the 
front-end burner section of a Claus unit. Their inter- 


section with the equilibrium conversion curves was used 
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to predict the conversion attained. Then the catalytic 
converter performance was computed using a reaction rate 
expression developed by Liu (66) for a pure y-alumina (Alon) 
and a one-dimensional two-phase catalytic reactor model under 
adiabatic conditions. In the Claus catalytic converter, it 
was predicted that external mass transfer resistances were 
insignificant at space velocities above 1000 hr. The 
predicted temperature and conversion profiles along the 
reactor bed revealed that the feed temperature and the space 
velocity should be above 500°K and below 2000 ake respec- 


tively, to ensure significant reaction rates at the start 


of the reactor bed. 
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CHAPTER I 


INTRODUCTION 
Problems Related to the Claus Process: 


During past decades, extensive studies were 
conducted to effectively recover the sulfur from 
natural gas using a variety of chemical processes. 
Recently these sulfur recovery processes have become 
more and more important due not only to the economic 
value of the product sulfur but also to more strict 
air pollution control policies. 

A major source of sulfur in Canada has been 
from hydrogen sulfide in natural gas, particularly in 
Alberta, and in acid-gas streams in petroleum refin- 
eries. Among many different kinds of sulfur recovery 
processes, the modified Claus process has been almost 
exclusively applied to the natural gas plant to con- 
vert hydrogen sulfide in the sour gas stream to high 
grade pure sulfur. 


The major reactions involved in the Claus plant 








are: 
Hoot 0 > H.O + SO (2 2) 
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2H.S + SO > 2H.O + 3 S eee 
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which make the overall reaction of 


3 3 
3H,S + 5 0, > 3H,0 + “sy Sy Cir) 





Reaction (1.1) shows free flame combustion of 
hydrogen sulfide by air in the front-end burner to 
provide sulfur dioxide which acts as a reactant for 
reaction (1.2) in the catalytic converter. Because 
of high temperatures in the burner, reaction (1.2) 
also proceeds to the extent of roughly 50 - 70% con- 
version of HS via homogeneous kinetics. 

Though the major Claus reaction is reaction 
(1.2) other side reactions usually take place together 
with the major one. 

The most significant and important side reactim 


from the kinetic point of view is 


3 
Met OSirt SO ghee | A200 gt ek (1.4) 


Reaction (1.4) may occur due to the carbonyl 
sulfide impurity which is introduced by the reaction 
between hydrogen sulfide and carbon dioxide in the 
burner, or from COS present in the acid gas (33). 

The Claus reaction is much more complicated 
than it seems to be in its simplistic reaction formula. 
This reaction was found to be catalyzed by various 
Substances such as the glass surface, iron, water 


vapor, and even liquid sulfur, and so on (97,72,53). 
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To understand the true reaction kinetics of this 
reaction on the y-alumina surface has been an extreme- 
ly difficult subject to study due to the difficulties 
of eliminating the various catalytic effects caused by 
substances other than alumina. Among these side - 
catalysing effects, the additional catalytic effect 
due to the product sulfur in its liquid form was the 
most difficult problem to eliminate or solve. To 
eliminate side catalysing effect due to the condensed 
liquid sulfur others have tried using sulfur condenser 
(i2,osdy PLECtrLcG precipitator- (81); or ice bath: (37, 
39). But the elimination efficiencies have never been 
critically éheenea? 

Another problem related to the Claus process is 
the uncertainty on the equilibrium distribution of 
sulfur molecular species during the reaction period, 
Since above 1000°K all the sulfur species may exist in 
the form of So, while at room temperature as S. C75)-% 

Therefore, the Claus process may become exo- 
thermic or endothermic according to the operating 
temperature level of the reactor (24). The problems 
related to the equilibrium distribution between sulfur 
species with different molecular formula were attacked 
by many chemists but with controversial results. 


One of the most important problems which 
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remains to be solved in the Claus plant is the effect 
of minor reactions on the overall process performances. 
In earlier studies the reaction (1.4) was found to 
affect the catalytic activity of y-alumina due to the 
poisoning effect of the product co. (65). Subsequent- 
ly, the poisoning effect was observed only under dry 
gaseous conditions, i.e. in the presence of H,0, 
reaction (1.4) is by-passed in favor of the more 


rapid reaction 


COS sen On HLS + CO (15:5) 


2 2 2 


Here the need for some type of improved bifunc- 
tional catalysts arises to improve the overall Claus 
process performance since COS impurity is almost in- 
evitably present in practical operational conditions 
(33). Actually, the loss of sulfur due to unconverted 
COS is almost 30 percent of the total sulfur loss (15). 
Until recently this problem was not solved satisfact- 
Orily because of the lack of the experimental data for 
both of the reactions on some bifunctional catalysts. 

From a practical point of view, it is surpris- 
ing that few data are available to apply to the Claus 
plant design for a catalytic fixed-bed reactor. The 
most important data for application to the plant de- 


sign is the intrinsic rate expression on the specified 
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catalyst surface, physical parameters of the reaction 
systems and catalysts, and most of all, the effective- 
ness factor of catalyst pellets. 

Recently the intrinsic rate data have become 
available owing to the painstaking works by some 
researchers (65,66,72) for some type of catalysts. 
However, the availability of other information is lim- 
ited to the extent of primitive estimates of the 
physical parameters or of the effectiveness of the cat 
alyst pellets for the developed intrinsic rate expres- 
sion. No published data may be easily applied to the 
practical situation. These kinds of studies are 
really in need for improving, developing and predict- 
ing more efficient sulfur recovery in natural gas pro- 


cessing plants. 


Previous Works: 


After the Claus process to recover sulfur from 


the H,S containing gaseous stream had been invented in 


2 
1883 by the British chemist, C.F. Claus, this process 
has been widely adopted in the natural gas plants as a 
major scheme to recover the elemental sulfur since the 
first commercial application by H. Bahr in 1936. 


In 1953, Gamson and Elkins (35) carried out 


pioneering kinetic measurements of this Claus reaction 
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using Porocel catalyst in an integral fixed-bed 
reactor over the temperature range of 230 to 300°C 
at low space velocity ranging from 240 to 1920 hr -. 
In the late 1960's, an extensive research pro- 
gram was initiated at the University of Alberta to 
investigate intensively the Claus process as this 
process has become more and more widely applied in 
almost all natural gas plants in Alberta. The first 
investigation was carried out by Cormode (21) using 
Porocel catalyst to obtain kinetic data in a recycle 
differential flow reactor. McGregor (72) carried out 
a series of 80 experimental runs in a similar but im- 
proved differential recycle reactor, performed at four 
different temperature levels between 481 and 560°K 
951 er) and H,0 to 


obtain the intrinsic rate expression with activation 


and at varying partial pressure of H 


energy for the forward reaction of the reversible 
Claus reaction. 

McGregor (72) found that water vapor has a 
retarding effect on the forward rate of the Claus re- 
action at higher concentration and an accelerating 
effect at lower concentration, presumably by the 
hydrogen-bonding due to the water vapor on y-alumina 
OH-site. The rate expression obtained by Dalla Lana 
et al. (25) using McGregor's experimental data (72) 
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Liu (65) investigated the effect of NaOH-doping 
on the activity of y-alumina for the Claus reaction, 
and found that a 2% doped y-alumina showed highest 
activity for this reaction. Liu (65) also observed 
and explained (19) the co, poisoning effect in the 
reaction (1.4). 

Karren (53) carried out some 50 experimental 
runs uSing the same recycle differential bed reactor as 
used in McGregor's work, but with the sulfur condenser 
capacity increased. During his study Karren (53) found 
that the liquid sulfur acted as an active catalyst for 
the Claus reaction and the elimination of condensed 
liguid sulfur in the product stream was critically 
important to get accurate reaction rate expression on 
the catalyst surface. 

Most recently Liu (66) investigated the Claus 
reaction using an infrared spectroscopic reactor cell 
to get an intrinsic rate expression without external 


and internal transport resistances and obtained 
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for the Claus reaction over Alon catalyst. The form 
of the rate expression obtained by Liu (66) was almost 
the same as that obtained by McGregor (72) except the 
retarding effect of water vapor was increased compared 
to McGregor's result. It is worth noting that the 
remarkable similarity held even though a pure y- 
alumina catalyst was used by Liu and a commercial baux- 


ite by McGregor. 


Topics to be Investigated in This Study: 


1.3.1 Evaluation of Bifunctional Catalysts: 


Some work has been reported (22,23,35,36,37,65) 
to develop and/or improve active catalysts for the 
reaction between HS and SO.- In parallel with the 


reaction between H.S and S05, more attention has been 


2 
paid recently to the reaction between COS and sO, 

(36,37,65,90). However, each of these studies was con- 
fined to one particular chemical reaction process with 


the view of investigating catalytic activities or a 


reaction rate expression for each separate reaction. 
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In practice, one approach adopted by industry has 
been to use a different catalyst more active for the 


COS-SO., reaction, but requiring a higher operating 
temperature than alumina, in plants where COS problems 
are more severe. More exotic catalysts such as Co-Mo 
supported on alumina have been used for this purpose. 
This problem could be solved more simply by 
developing a bifunctional catalyst which actively cat- 
alyses both the H,S-SO., and the COS-SO., 


reactions simultaneously. For this purpose one such 


(or COS-H.,0) 


bifunctional catalyst has been developed at the Univ- 
ersity of Alberta in 1973 to improve the Claus plant 
operational condition (23). 

The present ately has been designed to invest- 
igate the performance of this newly developed bifunc- 
tional catalyst for reaction (1.2) and (1.4) in Claus 
plants. In this study it is intended to compare its 
catalytic activity with that of standard alumina cat- 
alyst under the same range of reaction conditions 
encountered in industrial reactors but over a short- 
term reaction period. By this investigation a basis 
for understanding the bifunctional activity of the 
proposed catalyst may be provided. The catalysts 
tested included a standard y-alumina (Kaiser S-201), 
5.4% Cu-alumina, 12.08% Cu-alumina, and 16.07% Cu- 


alumina. 
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1.3.2 Prediction of Claus Process Performance 


Leswhe be PLeg.crion.oL Thermodynamic Equilibrium 


In a conventional modified Claus process, 
elemental sulfur is formed through a two-step reaction 
procedure as was described in reaction equations (1.1) 
and (1.2). Many investigators (9,35,72,74,84) tried 
to compute and predict equilibrium conversion for 
reaction (1.2) but paid little attention to the sig- 
nificant endothermic effect at temperatures above 
850°K and to the effect of the inert gas content on 
the conversion level. These facts occur due to the 
different distribution among the sulfur species be- 

2" S¢ and So at different system temperatures. 
Regarding the sulfur species distribution over the 


tween S 


various temperature range, much work has been done 
during past decades to try to get definite 
conclusion still leaving the work in a controversial 
subject (75,88,89). 

In this work the sulfur species in equilib- 
rium were assumed to exist in the forms of So, S. and 
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Furthermore each of the above three species was 
assumed to be in equilibrium with the others at the 
given temperature and pressure in state of the mini- 
mum total free energy. Equilibrium conversion calcul- 
ation was performed using the free energy minimization 
method originally programmed by McGregor (72). 
Finally, the computed equilibrium conversion 
level was compared to the maximum obtainable conver- 
Sion which could be obtained experimentally, i.e. at 


the lowest possible space velocity. 


1.3.2.2 Prediction of Reaction Path in the Front-End 


Burner 


The prediction of adiabatic reaction path in 
the front-end burner by the consecutive reactions (1.1) 
and (1.2) should be very useful to evaluate and com- 
pare actual process performance in individual stages 
with the corresponding idealized performance limits 
(24). To provide such a useful and convenient way of 
predicting the reaction path along the front-end 
burner before a catalytic converter, a graphical 


approach was developed in this study in attempt to 


present calculated values for "once-through" processes. 


This graphical approach may be readily extended to a 


number of problems occuring in closed systems: 


a2. 
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(1) the prediction of equilibrium conversions of 
H,S to SO. and Ss. as a function of temperature for 
acid-gas compositions ranging from 100% HS content, 


providing the diluting gas (N, or co.) remains chem- 


ically inert; 


(2) the estimation of non-equilibrium reaction 
paths in the front-end burner , from a specified inlet 
temperature and gas composition to a final flame temp- 
erature at which chemical equilibrium is assumed to be 


reached; 


(3) the use of these reaction paths to facilitate 
comparison of actual burner performance with the equil- 


ibrium prediction; and, 


(4) the estimation of sequential cooler and cata- 

lytic converter paths after the waste-heat boiler. 
This predicted reaction path diagram may be 

compared to the actual process operating conditions 
when the latter are plotted on the equilibrium conver- 
Sion -temperature diagram. Comparison of actual re- 
action paths and conversion per stage with predicted 
values should provide a useful criterion for determin- 


ing detrimental or improved process conditions. 
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1.3.2.3 Prediction of Reaction Path in the Catalytic 

Converter 

In a "“once-through" sulfur recovery process, 
additional sulfur is formed by alternately cooling the 
gas stream and then passing it through a bed of cat- 
alysts. Elemental sulfur produced may be removed by 
cooling between stages. The graphical procedure to 
predict the overall process performance then requires 
calculating adiabatic conversion - temperature paths 
for the catalytic stages as well as for the front-end 
burner section. The heat release in the beds of cat- 
alysts is usually substantial, necessitating cooling 
between catalytic stages. The large diameter of 15 to 
20 feet and comparatively shallow depth of 3 to 4 feet 
of catalyst beds for the Claus process ensure that the 
assumption of adiabatic operation is realistic. 

In this study the catalyst bed was modeled in 
the two-phase mode originally proposed by Liu and 
Amundson (62,63) to check the effect of external trans- 
port limitations using pre-estimated internal transport 
effects. The internal transport limitations were 
checked by the Paterson's asymptotic method (82) and 
by Van Den Bosch's interior collocation method (99), 
and finally a standard computation was performed by 
applying the method of Weisz and Hicks (106) in comput- 


ing the effectiveness factor in the Claus reaction 
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system. The computations were all performed on the 


basis of the rate equation (1.7) obtained by Liu (66) 
on the Alon catalyst. 

Using the computed results the converter 
design or catalyst performance may be easily obtained 
Since the effectiveness factor is readily accessible 
on the Thiele modulus - effectiveness factor diagram 


for this specific catalyst and reaction condition. 
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CHAPTER II 


LITERATURE SURVEY 


Claus Process: 


Sulfur recovery units of the Claus type with a 
thermal and one or more catalytic stages have been 
applied for more than twenty years in oil refineries 
and natural gas treating plants in those instances 
where large quantities of hydrogen sulfide are produc- 
ed. 

In the modern modified form of the Claus process 
a number of stages, usually three or four today, of 
catalytic reaction are used to increase yield of the 
elemental sulfur since the high exit temperature in a 
Single-stage converter could limit sulfur yields to the 
equilibrium values. The sulfur recovery efficiency has 
been closely approached to the theoretically possible 
yield ranging 94 to 96 percent recovery (26). The 
remaining 4 to 6 percent of the sulfur present in the 
Claus unit off-gas, is converted into sulfur dioxide in 
a catalytic reactor or a thermal incinerator, and then 
discharged into the atmosphere. 

The overall Claus process consists of two stages, 
in which one-third of hydrogen sulfide is burned com- 


pletely to form sulfur dioxide in the first stage 


We 
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according to the reaction (1.1). The product gas from 
this step is then blended with the remaining two-thirds 
of hydrogen sulfide and passed to a catalytic converter 
wherein hydrogen sulfide and sulfur dioxide formed 
elemental sulfur and water as presented in reaction 

(T <2)}. 

Hydrocarbons present as impurities fed to the 
furnace with hydrogen sulfide are converted to carbon 
dioxide or else pass through as hydrocarbons in the 
Claus reaction process. Carbon dioxide and some hydro- 
gen sulfide react in the furnace to form carbonyl sul- 
fide according to reaction (1.4). Some carbonyl sul- 
fide appears to pass through the catalytic reactors 
and is therefore lost. So desulfurization of Claus 
off-gases has recently received special attention 
(6,50,78) since stricter emission control regulations 
require increased efficiencies of the sulfur removal 
processes. However, most of Claus tail-gas treating 
processes have proven to be rather costly (6) and the 
best approach may therefore be to improve the perform- 
ance of the Claus process itself in the hope of elimin- 


ating the need for subsequent tail-gas processing. 


Sulfur Recovery Processes Related to Claus Units: 


Numerous processes have been studied and pro- 


posed for recovery of sulfur from hydrogen sulfide- 
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containing waste gas streams (95). Most of these 
processes can be divided into three major categories 
which are related to the Claus process. 

(1) Direct catalytic conversion to sulfur. 

(2) Absorption and catalytic conversion to sulfur. 

(3) Adsorption and catalytic conversion to sulfur. 

Direct catalytic conversion scheme is applied 
for high concentration of hydrogen sulfide and is the 
most widely used process in present sulfur recovery 
plants from natural gas, and will be discussed in more 
detail in the following section. 

The absorption or adsorption scheme before con- 
version to sulfur is usually applied for gas streams 
with low concentration of hydrogen sulfide to provide 
high concentration of hydrogen sulfide in the absorp- 
tion medium or in the adsorbed state which is enough 
to initiate the catalytic reaction. In the absorption 
process, various organic and inorganic liquid solutions 
are employed as an absorbent such as potassium carbon- 
ate, sodium hydroxide, and monoethanolamine or dieth- 
anolamine (95). One typical example of such a process 
is the SCOT process (78) which was developéd to in- 
crease the efficiency of Claus conversion by absorbing 
HS from the Claus off-gas in which it is present in 


very low concentration. 
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The adsorption process usually involves zeolite, 
activated carbon, or alumina as an adsorbent. The 
main objectives are to use the adsorbing properties to 
increase the dilute hydrogen sulfide concentration and 
then, the ability to act as a catalyst for the reaction 
of hydrogen sulfide and sulfur dioxide. 

In the presence of free oxygen, hydrogen sul- 
fide is catalysed to elemental sulfur by activated 


carbon as indicated by the following reaction (69). 


active carbon 3 


dL. 


n 
Another different approach to hydrogen sulfide 
control is the Sulfreen process developed by Lurgi 
Apparate-Technik and S.N.P.A. (58). This process util- 
izes the catalytic ability of activated carbon for a 


high efficiency of Claus redox reaction to yield ele- 


mental sulfur. 


S 


— — 
2H,S ay SO. 2H,0 ts - Sn 


Overall removal efficiency of a Claus-plus- 
Sulfreen plant has been reported to reach 99.0% or 
more with sulfur removal efficiency of Sulfreen process 
of up to 85% (58,69). The Ram River plant in Alberta, 
started up in 1972, has a Claus unit followed by the 


Sulfreen process. 
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Simultaneous reactions in Claus Units: 


Major reaction in the Claus unit in a sulfur 
recovery plant is the catalytic reaction between HS 
and SO.. However, appreciable amount of COS or CS, is 
produced in the furnace and waste-heat boilers by 
reaction between hydrocarbons and co. in air 
(33). According to Cameron and Beavon (15) one-third 
of sulfur loss in the Claus unit is due to the presence 
of COS which may not easily be converted to elemental 
sulfur. Therefore, the conversion of COS to elemental 


sulfur is a very important factor to improve the over- 


all Claus unit performance. 


2esel HS - Air Reaction 


Oxidation reaction between HS and air occurs 


in the furnace and waste-heat boilers of a Claus unit. 


2 H.S + 0. —~¥ S + 2 H.O f2oL) 


BiN 


AH = -123,924 cal/gmole of HS 


This reaction provides sensible heat by its 
large amount of heat of reaction to raise the feed 
stream temperature of Claus reactants to the catalytic 
converter. This fact necessitates a better understand- 


ing of this oxidation process than currently available 
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and one aspect of this is the accurate determination 
of thermodynamic equilibria between HS and air under 
Claus furnace conditions. Then, the adiabatic oxida- 
tion reaction path may be predicted based upon the 
equilibrium data. 

After Gamson and Elkins (35) made the first 
study on the reaction equilibria between hydrogen sul- 
fide and air using Kelley's data (54) for the equili- 
brium constants between the various sulfur polymers, 
Many investigators paid attention to the equilibrium 
calculation using various kinds of techniques. 

Recently McGregor (72) used White's free 
energy minimization technique (108) to compute the 
reaction equilibrium in Claus process units using the 
free energy data compiled by McBride et al. (71) to 
get results of a slightly higher equilibrium conver- 
sion level than Gamson and Elkins'. 

Bennett and Meisen (9) computed the reaction 
equilibrium for the reaction between HS and air over 
the temperature range of up to 2000°K. In their cal- 
culation they included significantly increased number 
of chemical species thought to be present at equilib- 
rium under the condition of oxygen to hydrogen sulfide 
feed ratio of 0.2 to 1.8. The computed results have 


shown that considerable amounts of SO, SH, S50, HS. 
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and H, are present at equilibrium condition at higher 
temperature range of above 1500°K. They also included 
a1 Sy S3, 4 and S. in addition 


which was employed by McGregor's 


in their calculation S S S 


to S S- and S 


ai 76 8 
computation (72). For all the species included the 
results by Bennett and Meisen (9) were almost the 
same as McGregor's with their computed results falling 
in the range between Gamson and Elkins' and McGregor's. 
Bennett and Meisen (9) demonstrated that stoichio- 


metric feed ratio of HS and air is the best strategy 


2 
for sulfur yield without an additional preheater be- 
fore the furnace. 

Neumann (80) investigated the effect of CO. 
and H,O content on the equilibrium conversion of HS 
by the reaction of HS with air in the front-end 
burner of a Claus unit over the temperature range be- 
tween 800 and 2500°K. In his material balance calcul- 


ation S. was considered to be the only sulfur species 


2 
existing in the product stream. According to his 

data, the conversion of H,S was adversely affected by 
the presence of H,O but favorably by CO. in the feed 
stream. His computed results also indicated that no 
Significant amount of CS5, SO, Oo, CHy, NH, NO and 


NO, were produced in the front-end burner over the 


above temperature range. 
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On the other hand catalytic oxidation of HS 
with oxygen has been an interesting subject in the 
pollution and odor control point of view. Ross and 
Jeanes (92) studied the oxidation of hydrogen sulfide 
Over cobalt molybdate on a-alumina and related cata- 
Toone using an integral reactor to reduce the hydrogen 
sulfide concentration below the odor threshold level, 
0.007 ppm. 

Steijns and Mars (96) studied the catalytic 
oxidation of hydrogen sulfide into elemental sulfur 
with molecular oxygen over the temperature range of 
130 to 200°C employing active carbon, molecular sieve 
13X and liquid sulfur as catalysts. The results 
showed that liquid sulfur acts as a catalyst for H,S 
oxidation. The kinetics and the activation energy of 
the reaction were found to be essentially equal on 
various catalysts of different chemical composition. 
They also found that the small pores less than 12 A in 
pore diameter were filled with sulfur and the catalyst 
surface area was lost as the reaction proceeds. The 
catalyst, however, was found to be almost equally 
active as the sulfur-free catalyst, which could be 
explained by the catalytic ability of liquid sulfur 


trapped in the pores. 
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os me H,S - SO. Reaction 


After Claus (20) discovered the catalytic reaction 
process between HS and SO. over the iron oxide cat- 
alyst, the Claus process has become the common sulfur 


recovery scheme from HS produced in the coke oven 


2 
until the late 18th century. Starting from the signif- 
icant contribution by Gamson and Elkins (35), who 
studied this reaction in an integral bed reactor pack=- 
ed with 4/8 mesh Porocel catalysts, many researchers 
(22,35,36,65,72) devoted themselves to improving this 
famous process. Many of the research activities have 
been focused on the development of improved catalysts. 

The catalysts usually employed for this reaction 
were sulfides or oxides of aluminum and other transition 
elements. Among these iron oxide, bauxite, manganese 
oxide, alumina, glass alumino silicate, cobalt sulfide, 
molybdenum sulfide and cobalt molybdenum-alumina have 
been most frequently studied. Recently active carbon 
and liquid sulfur have also been the subject of many 
research projects (58,96). 

Claus originally used iron oxide for his inven- 
tion of this process. But today, bauxite has become 
one of the most popular catalysts used in Claus sulfur 
plants. One of the problems related to the bauxite 


catalyst is the mechanical strength of the catalyst 
pellets. 
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In an early stage of this process, Gamson and 


Elkins (35) studied the kinetics of the reaction be- 
tween H,S and SO, in an integral bed reactor using 
alumina as a catalyst in their pioneering work for 
this Claus reaction kinetics. The data were obtained 
at very low space velocity of 240 to 1920 hr? over 
the temperature range of 230 to 300°C. The resulting 
conversions of HS to elemental sulfur were 92.9 to 
97.9% which were inconsistent with their thermodynamic 
analysis of this reaction because their measured con- 
versions were higher than thermodynamic equilibrium 
conversions for the given reaction temperature and 
pressure. 

Pyrex glass surface was found to be an active 
catalyst for this Claus reaction by Taylor and Wesley 
(97). The proposed reaction rate on the glass surface 
was proportional to the external surface area of 
glass with the reaction order being a first order with 
respect to SO, partial pressure and 3/2 order with 
respect to HS partial pressure. 

Hammer (45) studied the kinetics and mechanism 
of major reaction of the sulfur plant using cobald- 
molybdenum-alumina catalyst mixtures in the glass 
differential reactor. From his experimental data 


Hammer (45) concluded that Claus reaction takes place 


predominantly on the external surface of the catalyst. 
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A dual site mechanism for HS and SO. on the catalyst 


2 2 


surface was proposed by Hammer (45). According to 


this mechanism adsorbed HS dissociates into he and 


SH and then reacts with adsorbed SO.. 


Deo et al. (28) studied the adsorption and 


surface reaction of HS and sO, on y-alumina using an 


infrared spectrometric technique to conclude that a 
strong hydrogen bonding exists between both HS or 


SO, and surface hydroxyl groups and a chemisorbed 


form of so, exists on y-alumina which reacts with H,S 


according to the Claus reaction. 


Most of the adsorption of HS and SO. on 


Y-alumina were found to be physical adsorption on 


Lewis-acid sites (67). But chemisorption has been gen- 


erally regarded as a precursor to catalytic reactions. 
Liu and Dalla Lana (67) found that the chemisorption 
of H,S and SO. 


small but vitally involved in the reaction mechanism. 


on basic sites of y-alumina was very 


On the other hand Khalafalla and Haas (57) proposed 
a mechanism for the chemisorption of sO, on an OH 


nucleophillic site as 


xx . x x 
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George (37) used a commercial cobalt-molybdate 
on y-alumina (Girdler G-35) as a catalyst to study 
the Claus reaction in the integral bed reactor. The 
initial rate was obtained by fitting the experimental 
data to the expression proposed by Mezaki and Kittrell 


(76) 


X = A, tanh [A, (7) We terk 


and extrapolating to zero conversion. The resulting 


rate expression for H,S-SO., reaction was 


2 2 
k "HSS 
H,S (1 + 0.1 eHLO! 


George also noted sulfidation of catalyst part- 
icles during the reaction by observing the change of 
color of the catalyst from original deep blue to 
black. 

On the effect of mass transfer resistance in 
the Claus reaction system Landau et al. (59) studied 
H,S-SO, reaction over a bauxite catalyst and concluded 
that the reaction was controlled by mass transfer 
resistance. Unfortunately, however, these authors did 
not investigate whether it was film or pore diffusion 
effect which was controlling the reaction rate. 


McGregor (72) also investigated the diffusion 


effect on the reaction rate, under the practical plant 
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operational condition, concluding that external mass 
transfer resistance had neglegible effect while inter- 
nal pore diffusion effect was the rate controlling 
factor through his diagnostic calculation. In 
McGregor's kinetic study for the reaction of H,S-SO, 
with Porocel catalyst of 28/35 mesh size it was con- 
cluded that only the external surface area of the 
catalyst was actively catalysing the reaction. In 
Spite of the diagnostic calculation results showing 
the significant effect of pore diffusion, McGregor 
failed to observe any significant effect of internal 
mass transfer resistance in the data obtained and con- 
cluded that produced sulfur, which would primarily 
be S¢ at 260°C, would be very slow in diffusing out of 
the catalyst pore and might be forming a monolayer or 
more on the internal surface. When a monolayer or 
more of sulfur forms on the capillary walls, the ef- 
fective diameter is so reduced that reactants cannot 
diffuse in and more likely, S¢ which may have been 
formed within the pore, cannot diffuse out. Sulfur 
thus presumably remains permanently inside the catalyst 
pore. 

George (37) also investigated the diffusion 
effect on the reactions HS-SO.,, COS-SO,, and found 
that there existed significant pore diffusion effect 


with H,S-SO, reaction and negligible with COS-SO,, and 
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COS-H,0 reactions. These results are to some extent 


foreseeable from the fact that H,S-SO, reaction rate 
was observed to be much faster than the other two 
reaction rates. 

According to Pearson (83) commercial cobalt- 
molybdenum catalyst was as active (84% conversion) as 
the active alumina (S-201) (83% conversion) for H,S- 
So, reaction at the reaction temperature of 275°C and 


the gas space velocity of 50,000 hr} in a micro 


reactor. 
is We Sg a 9 ia SO. Reaction 


The reduction of SO. by COS proceeds according 


2 


to the reaction 


3 
Sere t+rencesst-25n 25208 ea, on (2.4) 


z 


with heat of reaction (60) 


AH = 6760 - 2.75 T + 0.0028 17 


Lepsoe (60) investigated the kinetics and effic- 


iency of various catalysts for this reaction using a 
quartz tube reactor filled with catalysts. According 
to Lepsoe's observation this reaction proceeds slowly 
even in the absence of a catalyst at 800°C and almost 
any kind of hot surface is capable of catalysing the 


reaction at this temperature. Lepsoe (60) also 
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observed that pyrrhotite was an efficient catalyst for 
this reaction at 700°C, and at lower temperatures al- 
umina in slightly hydrated and acid-soluble forms 
(boehmite) was a remarkably efficient catalyst, and 
that lightly calcined Guiana bauxite and activated 
alumina were both satisfactory. No detailed investi- 
gations regarding the reaction mechanism have been 
made in his report except the probability of formation 
of surface compounds between sulfur dioxide and the 
catalyst. Adsorption of sulfur dioxide was manifested 


by the fact that the catalyst tenaciously retained 


sulfur dioxide once it had been exposed to concentrated 


sulfur dioxide-gas mixtures. The activity of the 
alumina catalyst was found to be reduced after it was 
exposed to high temperatures for long periods. In the 
temperature range of 300 to 600°C, the reduction of 
sO. by COS appeared to be of first order with respect 
to SO.- 

Gamson and Elkins (35) also studied this re- 
action over bauxite catalysts in an integral bed 
reactor and found that with a gas stream mole fraction 


Ot oeet oOo, eo. 155. SO and 91.75% N» yields of 902 


pm 
or better were obtainable over the temperature range 


between 250 and 350°C at a space velocity of 200 hrf, 
which was far below the practical sulfur plant opera- 


tional condition. 
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Liu (19,65) conducted kinetics and mechanistic 
studies of this reaction using a recycle differential 
reactor over y-alumina in the temperature range of 
552 to 557°K. It was found that the reaction only 
proceeds over a short period of time due to catalyst 
poisoning by carbon dioxide which is one of the pro- 
ducts formed by this reaction. Their investigation 
by means of infrared spectrophotometry showed that 
carbon dioxide was irreversibly chemisorbed on the 
surface of y-alumina and thus presumably occupied the 
Sites important for the reaction, which in turn 
poisoned the catalyst. 

Liu (65) suggested through his IR study on this 
reaction mechanism that COS was not adsorbed on any 
of the surface hydroxyl groups of y-alumina but only 
physically adsorbed on y-alumina through sulfur atom 
at Lewis-acid sites (the surface aluminum ions). Liu 


(65) also suggested that SO, formed hydrogen bonding 


2 
with the surface hydroxyl group. He attributed the 

poisoning phenomena in COS-SO., reaction on y-alumina 
to the chemisorbed CO, on the surface Lewis-acid site 
as a result of the surface reaction between adsorbed 
COS and SO,, eventually making no surface Lewis-acid 


Site available for physical adsorption of COS. Sub- 


sequent studies revealed that co, poisoning did not 
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occur when H,0 was present because of the occurrence 
of the very rapid hydrolysis of COS to HS. 

Querido (90) used Cu-on-alumina, CuO-on-alumina, 
and MoO,-on-alumina catalysts to investigate a catal- 
ytic reaction between COS and SO. at the temperature 
range of 986 to 506°F with contact times ranging from 
0.07 to 0.35 sec. in a tubular reactor. In Querido's 
experiments, CuO-on-alumina performed well only at 
temperatures above 1000°F while MoO.,-on-alumina was 
poisoned very quickly by sulfur. His results showed 
that Cu-on-alumina catalyst was most active for 
COS-SO, reaction. 

George (37) also studied on kinetics of this 
reaction using cobalt-molybdate on y-alumina catalyst 
in a integral bed reactor. The resulting rate expres- 
sion was reported to be first order with respect to 
COS and zero order with respect to SO, with an activ- 


hidotel Pats Pe In his study any 


ation energy of 18.0 
poisoning effect by CO. product in this reaction was 
not observed on cobalt-molybdate on y-alumina catalyst 
which was in contrast to the strong poisoning effect 


by CO, on pure y-alumina catalysts as reported by 


2 
Chuang etuals (19). 
George (36) also revealed that catalyst basicity 


had no significant influence on the reaction rate of 


COS-SO, reaction on the cobalt-molybdate on y-alumina 
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catalyst, and that co. adsorption on this catalyst 
was reversible, which is in contrast to the observa- 
tions on the pure y-alumina catalyst by Chuang et al. 
Cho) "2 


For COS-SO.-H.O reaction Pearson (83) obtained 


pow 
a conversion level of 29% with commercial cobalt- 
molybdenum catalyst and 12% with the active alumina 
catalyst at the reaction temperature of 275°C and 
the gas space velocity of 50,000 hr? in a micro 
reactor. For the low space velocity of around 


400 hr 


, however, the difference in catalyst activity 
could not be detected since the conversion level was 
100% for both catalysts with COS-SO.-H.,O reaction. 


Ausict ~<GOS, = H,0 Reaction 


COS + H,0 —» CO, + HLS (2.5) 


Buchbock (14) studied the reaction of COS in 
aqueous water to find that this reaction was catalysed 
by hydroxyl ion. The proposed mechanism of OH catal- 


ysed reaction was 
OH 


PocereH os OH > He - C = 0 (36) 
Buchbock also found that the reaction closely followed 
the unimolecular reaction mechanism at 15 ~ 40°C with 


the reaction rate constant of I1nk = - 11737/T + 45.66, 
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which corresponded to an activation energy of 23240 
cal/gmole. 

Thompson et al. (98) extensively investigated 
the reaction kinetics between COS and H,O in the 
aqueous solution, in alcohol, and in the gas phase. 
Their reaction rate constant was given by 


kecaned Greta oes 


exp (-22179/R_T) 
for the reaction in aqueous solution. For the gas 
phase reaction the activation energy was found to be 
25720 cal/gmole. 

Namba and shitba (79) studied the kinetics of 


hydrolysis of COS and CS. on the alumina catalyst at 


2 
the temperature range of 220° to 330°C. The rates of 
hydrolysis in both reactions were found to be of first 
order with respect to COS or CS. with activation 
energy of 2.9 kcal/gmole and 9.6 kcal/gmole respect- 
ively. 

A reaction rate proposed by George (37) for 
COS-H.0 reaction over cobalt-molybdate on y-alumina 
catalyst was first order with respect ot COS and zero 
order with respect to H,0, and activation energy was 
12.0 kcal/gmole. According to George's data this 
hydrolysis reaction rate is five times faster than 
the rate of COS-SO, reaction but fifteen times slower 


2 


than the rate of H,S-SO, 


molybdate on y-alumina catalyst. 


reaction on the same cobalt- 
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George (36) also found that catalyst basicity 
Significantly increased the rate for COS hydrolysis 
reaction. His data showed that the hydrolysis rate 
over the cobalt-molybdate on y-alumina catalyst con- 
taining 3.9% NaOH was 25 times faster than the rate 
over the same catalyst without NaOH loading at 230°C. 
This increased rate was explained in terms of the 
presence of abstractable protons in the reactants. 

Pearson (83) found that the active alumina 
(S-201) was almost two times as active (85% conversion) 
as commercial cobalt-molybdenum catalyst (43% conver- 
sion) for the hydrolysis reaction of COS at the temp- 
erature of 275°C and the gas space velocity of 50,000 


het. 


2.3.5 Sulfur Species Association-Dissociation Reaction 


Experimental investigations on the degree of 
association between sulfur atoms existing in sulfur 
vapor can be traced back well over a century. After 
careful scrutiny of his experimental data, Preuner (88) 
concluded that four species (So, Ser S, and S,) were 
adequate to explain his experimental isotherm at 448°C. 
However, Preuner and Schupp (89) corrected Preuner's 
previous conclusion when they obtained experimental 
data covering the temperature range of 300° to 800°C 


and pressures of 7.5 to 1182 mmHg, which could be 
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fitted with the assumption of three species (Sor 30, 
and So). Again, there was another correction of the 
Preuner and Schupp's data by Braune et al. (12) after 
they measured sulfur vapor density. These latter 
authors argued that Sor S¢ and S, were insufficient to 
explain their experimental results, and they revived 
S, thus returning to Preuner's initial conclusion. 

The heat of dissociation given by Preuner and 


Schupp, and Braune et al., is tabulated in Table l. 


TABLE 1. HEAT OF DISSOCIATION OF SULFUR SPECIES 


AH in cal/gmole 


Reaction 
Preuner & Schupp Braune et al. 
S. > 4 S5 99600 92180 
S¢ jpop S.5 67100 63710 
S, ai 2 S5 - 28400 
3 S. —— S¢ 30500 21700 


Berkowitz and Margquhart (11) confirmed the 


6! S4 and Se with negligible 


at a temperature of about 400°K 


presence of Sor S3, Sey S 
amount of Sg and Sio 
using a mass spectrometric technique. 


Bartlett et al. (7) studied the general kinetics 


of the conversion of S¢ to S¢ and found that commercial 
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alumina had a powerful catalytic effect on the conver- 
Sion of S¢ to So. Their resulted mechanism was based 
on the polymerization of the Ser followed by depolymer- 


ization of S, which could occur by thermal initiation 


8 
such as the spontaneous ring-opening of S¢- Berkowitz 
and Chupka (10) suggested a mechanism by which the 
catalytic effect takes place, involves the opening of 
the S¢ rings of rhombic sulfur with the formation of 
chains of unknown length. From the data of Preuner 
and Schupp (89), Kelley (54) developed equations for 


calculation of eqilibrium constants at any temperature 


for the following reactions. 


———y 
Sa pee (1.8) 
—_—} 


The equilibrium of the Claus reaction was theo- 
retically investigated by Gamson and Elkins (35) for 
the first time considering the equilibrium distribution 
between the sulfur molecules Sor Ser and S¢ in the 
gaseous phase using the data by Kelley (54). 

Peter and Woy (84) calculated the equilibrium 
constant of the Claus reaction from the known thermo- 
dynamic data such as the standard entropy, enthalpy, 
and heat capacity of each component involved. In their 
calculation they considered S, to be the only sulfur 


specie in the product stream, which did not seem to be 
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realistic. 

McGregor (72) and Liu (65) using the data by 
McBride et al. (71) calculated the equilibrium compos- 
itions in Claus reaction system assuming that there 
are only three species of sulfur molecule, Sgr Se and 
So, Over temperature range of 550° to 1600°K. 

Recently Detry et al. (29) obtained heat of 
reaction and entropy data for sulfur species associa- 
tion-dissociation reactions using the electrochemical 
Knudsen-cell with a mass spectrometer over temperature 
range of 200° to 400°C. 

Rau et al. (91) derived a set of equations to 
calculate partial pressures of different sulfur species 
as a function of total pressure and temperature of the 
system by fitting their measured data of sulfur vapor 
density to equilibrium constants calculated from the 
thermodynamic properties given by Detry et al. (29) 
over the temperature range between 823 and 1273°K. In 
their calculation fugacity coefficients were included 
to correct equilibrium constants which described the 


equilibria between S., and all the other sulfur species 


2 
when pressures are high. They found that partial pres- 


6! So and Se 


completely different variation with temperature to that 


sures of S showed, at low temperatures, a 


found experimentally by Detry et al. (29). Bennett and 


Meisen (9) used the thermodynamic data for sulfur 
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species based on Detry's measurements (29) in their 
calculation of equilibrium compositions in the Claus 
furnace at temperatues as high as 2000°K. Their re- 
sults were generally in good agreement with those of 
McGregor (72) or Gamson and Elkins (35) though the 
conversion level of H,S was lower than that of McGregor 
but higher than Gamson and Elkins. In addition to the 
minimum conversion at approximately 850°K suggested by 
Gamson and Elkins (35), Bennett and Meisen (9) suggest- 
ed that there could be maximum conversion at approxi- 
mately 1700°K. This suggestion was based upon the 
possibility of the existence of HS or SO at the equil- 
ibrium state. The physical reason of this maximum con- 
version was attributed to the fact that elemental sul- 
fur might undergo oxidation at elevated temperatures. 
For all their sophisticated arguments for including all 
the possible species involved in Claus process, Bennett 
and Meisen's results showed much larger discrepancies 
from the actual experimental data obtained in the 
present study than those predicted by McGregor. Regard- 
ing the controversial aspects on the morphology of the 
sulfur species, McGregor's simple approach was employed 
in this study to predict the equilibrium composition. 
~The equilibrium distribution of sulfur species 
between 400°K and 1100°K at the atmospheric pressure is 


shown in figure l computed by McGregor's method. 
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0 200 400 600 800 
TEMPERATURE (°C) 


FIGURE 1: EQUILIBRIUM DISTRIBUTION BETWEEN SULFUR 
SPECIES AT ONE ATMOSPHERE (72) 
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Catalysis By Some Transition Elements: 


High activity of transition metals in the catal- 
ysts has been known for a long time (4) and transition 
metals have been applied as effective catalysts in many 
practical processes (40,87). Nickel or cobalt sulfides 
were found to be active catalysts for the Claus reac- 
tion by Griffith et al. (41), and any readily sulfid- 
able metal was a suitable Claus catalyst according to 
Marsh and Newling (70) as cited by Pilgrim and Ingraham 
(87). 

Haas et al. (44) investigated the activity pat- 
terns in the catalytic reduction of SO, by CO on some 
transition elements on alumina in an integral flow 
reactor. In their studies the pure alumina was found 
to be not so active as the alumina that contained tran- 
Sition metal. They tested the alumina catalyst impreg- 
nated with various kinds of transition metals such as 
titanium, vanadium, chromium, manganese, iron, cobalt, 


nickel and copper to find that chromium and iron on 


alumina were the two best catalysts for SO,-CO reaction. 


The impregnated alumina tablets they used contained be- 
tween 2 and 3 percent transition metals. 
9" COS and CS, with an 


evaporated manganese surface was examined by Goodsel 


The interaction of CO 


and Blyholder (40) using infrared and mass spectral 


techniques. Their observation indicated that the C=S 
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bond is more readily broken than the C=O bond on the 
Manganese surface resulting in sulfidation of mangan- 


ese. The reaction mechanism was given as 


+6 -6§ 
M, + S=C=O ——> | Sess: Cos2: 0 |——> S + CO (g) 
4 | 
M M 
n - n 


The failure of the manganese surface to adsorb CO 
after exposure to COS was assumed to occur because of 
the adsorbed sulfur. 

Haas and Khalafalla (42,43) found that the add- 
ition of a transition metal to alumina inhibited the 
COS-SO. reaction and alumina alone was the most active 


2 
catalyst for COS-SO, reaction. Khalafalla and Haas 


2 
(56) attributed the decrease in activity of a transi- 
tion metal-alumina catalyst to the partial loss of 
pellet internal surface area and porosity by sulfide 
formation and metal swelling since the molar volume 


of metal sulfide is greater than that of the metal 


alone. 


Performance of a Claus Unit: 


2.5.1 Importance of Combustion Chamber or Burner 


Design 


As environmental protection requirements became 
more strict, sulfur recovery efficiencies greater than 


99 percent are needed. Improper design of a burner may 
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cause side reactions like carbon formation when proces- 
sing sour gases containing hydrocarbons (33). These 
Side reactions disturb the process in the catalytic 
converter and impair operational safety and optimum 
sulfur recovery. Design of a combustion chamber or a 
burner are, therefore, of utmost importance in obtain- 
ing a high overall plant efficiency. Practical oper- 
ational experience has shown that improper design of a 
combustion chamber on a burner may result in only 15 

to 20 percent conversion where about 70 percent aera 
sion should be obtainable based on the H,S concentration 
in the sour gas. This difference in performance occurs 
partly due to the incomplete mixing of feed gas and 
air, and partly due to formation of carbon soot or 
ammoniacal sulfur compounds when processing sour gases 
containing hydrocarbons or ammonia (33). Maximum 
equilibrium conversion can be attained by mixing the 
required stoichiometric amount of air with the sour 

gas (9) before entering the combustion chamber such 
that the oxygen reacts with HS just behind the burner 
mouth (33). A multiburner system distributed over the 
entire cross section of the combustion eae front 
wall has been shown to be very satisfactory for this 
purpose. 

2" H, and CO in the 
burner is dependent upon the co, and CH, content in the 


The formation of COS, CS 
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sour gas. The major problem with the burner design is 
related to the fact that measurement of the exact 
composition of the gas at the burner outlet is almost 
impossible with suitable measuring methods available 

at such high temperatures (33). For this reason the 
theoretical reaction equilibrium calculation is needed 
as the next best approximation method to predict com- 
bustion chamber performance and furthermore to estimate 


the overall Claus unit performance. 


2.5.2 Performance of a Catalytic Converter 


Catalytic converters of modern Claus type sulfur 
plants are mostly designed for space velocity of 650 
to 900 SCFH of reactant gas mixture per cubic foot of 
catalyst bed volume. The catalyst is contained in 
horizontal drums of about 60 feet long and 13 feet 
in diameter with flow downward through the bed which 
is packed to a depth of 3 to 4 feet. 

The efficiency of sulfur removal in Claus units 
has recently been reported to be improved by reducing 
the reaction temperature below the dew point of sulfur 
vapor (38). However, this low temperature operation 
has a disadvantage of sulfur deposition on the catalyst 
which may necessitate catalyst regeneration. In a con- 
ventional Claus plant, the reaction between H,S and so, 


occurs exothermically below about 800°K, thus being 
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favored by decreasing the reaction temperature, but 
occurs endothermically above about 800°K, thus being 
favored by increasing the reaction temperature. The 
reaction can be pushed to completion by removal of 
product sulfur from the product mixture. The operating 
conditions for each reactor are normally selected so 
that all sulfur formed by the reaction remains in the 
vapor state, i.e., the reaction mixture is always 
above the sulfur dew point. To obtain higher conver- 
sions, several successive reaction stages are usually 
provided with intermediate condensation and removal 
of sulfur product. The removal of sulfur permits a 
reduction of temperature in successive reactors which 
makes approach to the higher equilibrium conversion: 
level attainable, while still remaining above the 
sulfur dew point. 

As the desired conversion level in Claus reac-~ 
tion increases, the possible sulfur losses due to COS, 
CS, and elemental sulfur vapor play a more important 
role. Carbonyl sulfide and carbon disulfide are form- 
ed in the burner section of the sulfur plant, but can 
be hydrolysed and eventually converted to elemental 
sulfur by applying appropriate controlling conditions 
and catalysts in the catalytic reactor system (38). 
Increasing the temperature of the first reactor of a 


two-reactor system may decrease the loss of sulfur as 
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COS and CS, in the tail gas. However, the higher temp- 


2 
erature may result in less favorable Claus reaction 
equilibrium and tend to increase the loss of sulfur as 
HS and SO, in the tail gas (38). Addition of a third 
reactor may reduce the loss of H5S and SO,, but have 
little effect on COS and CS... 

One of the practical approach to minimize the 
loss of elemental sulfur formed in the converter is to 
Operate the final condenser at low temperature and 


install an efficient mist extractor to reduce entrain- 


ment in the tail gas. 


2.5.3 Claus Reactor Design 


i) Catalytic Reactor Modeling 


Various kinds of sophisticated models have been 
recently proposed in the literature for a heterogeneous 
catalytic reaction, which may largely be divided into 
two main categories; pseudo-homogeneous or heterogen- 
eous models. 

Pseudo-homogeneous models are employed to ex- 
tend the mathematical simplicity which is used for a 
homogeneous reactor modeling. In this kind of model, 
material and energy balance equations are written sep- 
arately for the catalyst particles and the interstitial 


fluid. However, these equations no longer reflect the 
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concept that discrete particles exist within the 
reactor bed. All the particles in the bed are treated 
as a continuous one. 

In the heterogeneous models, a catalytic re- 
actor is treated as a series of small continuous flow 
stirred-tank reactors. 

For catalytic reactor analysis, pseudo-homogen- 
eous models are more commonly employed in one- or two- 
dimensional modes. In this work a one-dimensional 
pseudo-homogeneous model was employed since the Claus 
catalytic converter is essentially an adiabatic oper- 
ation in which radial concentration and temperature 
gradients are negligible. Even in one-dimensional 
pseudo-homogeneous models, two different approaches 
have been considered; a one-phase model and a two-phase 
model. In the one-phase model, the entire reactor is 
treated as a homogeneous empty reactor while in the 
two-phase model, it is assumed that there are two con- 
tinuous phases, solid catalyst and fluid. As mentioned 
above, this continuous two-phase model still neglects 
the particulate aspects of catalyst pellets. 

It has been customary to describe fixed-bed cat- 
alytic reactors in terms of the one-phase model (47,48). 
However, for strong exothermic reaction systems, this 
approach often yields unsatisfactory results because 


of the differences in the temperatures of the solid and 
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the fluid phases. In these cases, the two-phase 
model may be applied to take the gradients between 
phases into consideration although it involves a 
highly nonlinear set of differential equations. The 
behavior of the two phase model has been an interest- 
ing subject of many publications for a long period of 
time due to its importance in practical applications 


(16,62, 102). 


ii) One-dimensional Pseudo-homogeneous model 


Liu and Amundson (62,63) developed a continuous 
two-phase model in their analysis of a packed bed re- 
actor, in which the complex behavior in the reactor is 
concentrated in two homogeneous phases; in the flowing 
fluid phase and in the fixed catalyst solid phase. 

They improved Barkelew's simple model (5), which neglec- 
ted axial and radial dispersion as well as interphase 
and intraparticle transport resistances, by introducing 
interphase resistance effects. However, Liu and 
Amundson still neglected intraparticle resistances so 
that the reaction was assumed to be controlled complet- 
ely by interphase effects. They also assumed a uniform 
velocity profile over the cross-section of the bed and 
neglected the effects of length of the reactor bed and 
temperature on the velocity profile. The major purpose 


of their model was to check the existence of multiple 
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steady states in the catalytic bed depending upon 
the state of the individual catalyst particles. In 
their investigation the effects of the inlet gas temp- 
erature and the inlet partial pressure of reactants 
upon the concentration and temperature profiles were 
also examined, and the stability of the adiabatic pack- 
ed bed reactor was found to be dependent upon the 
existence of multiple steady-states for single part- 
icles; if every particle along the bed axis had only 
one steady state, then the reactor would be stable, 
and unique concentration and temperature profiles 
would result for all initial particle temperatures and 
concentrations. On the other hand if a single particle 
in the reactor has multiple steady states, then, from 
continuity of the mathematical model, adjacent partic- 
les would undoubtedly exhibit multiple steady states. 

Hlavacek et al. (49) investigated the effect of 
Peclet number for mass and heat transfer in the adia- 
batic tubular reactor using a dispersion one-phase 
model. Their results showed that higher ratio of mass 
transfer Peclet number to heat transfer Peclet number 
enlarged the domain of multiple solutions. 

The effects of axial dispersion were checked by 
Liu and Amundson (64) to find that in the multiple 
steady state the profiles of temperature and concentra- 


tion were appreciably more sensitive to axial dispersion 
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than in the single steady state. Eigenberger (30) ex- 
tended the model by Liu and Amundson (62) by including 
the effect of effective heat conduction term in the 
catalyst phase heat balance equation. His computations 
indicated that the temperature maximum could move to 
the front of the reactor due to the backward conduction 
of heat; compared to the case without effective heat 
conduction in the catalyst phase. 

Votruba et al. (102) used a piston flow model 
of a tubular adiabatic fixed bed reactor with external 
heat and mass transfer for description of temperature 
and concentration profiles along the reactor using the 
two-phase model developed by Liu and Anundson (62). 
They neglected axial dispersion and conduction through 
catalyst pellets as well as resistances within the 
porous catalyst structure. They only considered the 
convective mass and heat transfer in the axial direc- 
tion and external heat and mass transfer on the catal- 
yst surface as transport mechanism within the bed. 
Their computed results revealed that there could be 
multiple steady states within the reactor due to the 
external heat and mass transfer resistances over some 
range of parameter values. 

Eigenberger (31) also investigated the effect 
of different boundary conditions in the frontal surface 


of the catalyst bed using the two-phase model taking 
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heat conduction into account. His boundary condition 


for the front end of the catalyst bed was 


eed heh orkan¢@,0f axial. (iielzadoh bso) 
e (02 7=0 R s °Z=0 2 


According to Eigenberger's results the usual assumption 
of an adiabatic termination of the front of the catalyst 
phase had to be revised in cases where a high temper- 
ature excess of the catalyst phase can occur at the 
beginning of the reactor. His reasoning was that a 
certain amount of heat would leave the front end of 
the catalyst bed by radiation if the catalyst temper- 
ature at the entrance exceeds the fluid temperature 
considerably. Eigenberger also noted that the igni- 
tion zone, defined as the region where significant 
reaction takes place on the catalyst surface for the 
first time in the bed, was fixed at the entrance of 
the reactor when the fluid velocity is low while the 
ignition ante was located in the middle of the bed 
separated from the entrance when the fluid velocity is 
high. 

Another interesting result shown by Eigenberger 
was that only one steady state existed with very small 
fluid velocities or very high fluid velocities. The 


moving velocity of the creeping profile of the 
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conversion was significantly affected by the fluid 
velocity but almost negligibly influenced by the dif- 
ferent kind of model applied. 

The importance of axial dispersion was consid- 
ered by Karanth and Hughes (52), who recommended the 
criterion that there is no significant axial disper- 
Sion provided the bed depth be greater than 50 catalyst 


pellet diameters. 


iii) External Transport Resistances 


The concentration and temperature difference 
between the bulk fluid and the catalyst surface is 
dependent upon the mass - and heat-transfer coefficient 
between the two phases, the reaction rate constant, and 
the heat of reaction. The reaction rate constant and 
the heat of reaction have specific values corresponding 
to each specific reaction system. However, the values 
of the mass- or heat-transfer coefficients depend sole- 
ly upon the kind of fluid and the flow pattern in the 
fluid phase near the catalyst surface. 

Average transport coefficients between the bulk 
gas stream and the solid particle surface have been 
investigated by many researchers (13,34,68). Fried- 
lander's approach (34) was to get mass transfer coef- 
ficients from the boundary layer analysis around a 


Single solid spherical particle and obtained, 
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1/3 R L/2 


. (2.8) 


Sy = 0.89 So 


Froessling's correlation (8) used the method of 


dimensional analysis to correlate the mass transfer 


coefficient to the other important dimensionless 


groups to get 
Se: 2°* 0.6 eh 288 


h R 


. (2. 9) 
For a fixed-bed reactor, Chilton and Colburn 


(17) developed the correlation for the mass transfer 


coefficient, 


ee m Pf 3 2/3 
D G Cc 





eg (RA) (2210) 


and by applying the analogy between mass- and heat- 


transfer phenomena the correlation for the heat trans- 


fer coefficient, showed 


5 aittn 2/3 
cee et os 
p 


= f (RA) eon a 
De Acetis and Thodos (27) have summarized the 
data available up to 1960 to get the relationship be- 


tween Ip and Ra as well as between Jay and Rai 


Riga stool oS 

S 
1.10 
yee (2533) 
H Rephes as 


In this study De Acetis and Thodos' equations 


have been employed to estimate the external heat and 


mass transfer coefficients. 
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iv). Internal Transport Resistances . 


In order to obtain a reliable simulation of a 
fixed bed catalytic reactor performance, it is often 
necessary to consider the effect of the interaction 
between diffusion and reaction within a catalyst 
pellet as well as the effect of the external trans- 
port limitations between the fluid stream and the 
catalyst outside surface, particularly for highly 
exothermic catalytic reactions. The overall influence 
of these physical processes on the reaction rate is 
conveniently expressed by use of an effectiveness 
factor, which is defined by the ratio of the actual 
reaction rate to that which would be obtained were 
there no diffusion limitations. The determination of 
the effectiveness factor usually requires numerical 
integration of a rather complicated system of non- 
linear two-point boundary value ordinary differential 
equations. Numerous attempts have been made to simp- 
lify the equations into a more tractable form and in 
some instances semi-analytical solutions have been 
found. 

For a spherical catalyst pellet the steady 
state material and energy balance equations may be 


written as 
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Converting the above two equations to dimension- 
less form by introducing the relationships, 
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The boundary conditions for the above equations 
depend upon whether external transport resistances are 
included or neglected. When the latter case is assum- 


ed the boundary condition becomes the Dirichlet type 


xs aye de _ 
= Aa ax : Tac? 0 

Peas) 
x=1, 3 Shp. parag amp 


Should the external transport resistance be 
taken into account, the boundary condition is of the 
Neumann type due to the finite rates of convective 


mass and heat transfer on the surface of the catalyst 


pellet. 
% gy. oh 
Xo=oQa,; soli. thes—-omp? 
iis oe tie Ye i ane en 
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rate Sain Ke (2.40.9) 


For the Dirichlet boundary conditions, Weisz 
and Hicks (106) developed a simple transformation 
method to convert the problem into an initial value 
one which enabled a rapid evaluation of the effective- 
ness factor-Thiele modulus curve. However, they 


employed the Adams-Molton iteration technique without 
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checking the accuracy at the open end of the integra- 
tion path. 

Varma and Amundson (100) applied the maximal 
and minimal principle to compute the bounds of the 
effectiveness factor for the infinite slab geometry 
with Dirichlet boundary conditions. 

For Neumann boundary conditions, McGuire and 
Lapidus (73) solved the problem using the Crank- 
Nicolson implicit method. However, the difficulties 
Still remained with the large amount of computing time 
though the accuracy was satisfactory from the engin- 
eering point-of-view. 

For the purpose of improving the conventional 
finite difference method in solving the problem related 
to diffusion with chemical reaction, an orthogonal col- 
location method has recently been developed by Villad- 
sen and Stewart (101). They employed the interior 
collocation method in which orthogonality conditions 
were applied to select the optimum collocation points. 
The accuracy was found to be comparable to that of 
conventional methods but with a much simpler computa- 
tion procedure. 

For highly active catalysts, Petersen (85) devel- 
Oped an asymtotic method to solve the non-isothermal 
Dirichlet problem. The basic idea of this method was 


based upon the assumption that when the catalyst is 
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highly reactive, most of the reaction would be confined 
to a thin layer near the external surface of the cat- 
alyst pellet. The conservation equations, therefore, 
May be approximated by those for a slab, whatever the 
Original pellet geometry may be, and the calculation 

of the effectiveness factor becomes relatively easy. 
But this approximation method is not applicable in 
general at low values of the Thiele modulus, usually 
below 2 (52). 

To improve Petersen's approximation method, 
Paterson and Cresswell (82) developed the effective 
reaction zone method. In their proposal, it was 
assumed that at some point within the catalyst pellet 
the concentration of a reactant drops to zero value. 

A parabolic trial function was found to be quite ade- 
quate for engineering design purposes and the computa- 
tional effort involved was very small by using the 
collocation technique. The major problem involved in 
this concept was how the appropriate optimum colloca- 
tion point can be chosen. 

Quite recently Van Den Bosch and Padmanabhan 
(99) examined the efficiencies of different inde of 
collocation methods in their ability to predict the 
effectiveness factor for the Neumann type boundary con- 


dition. They recommended the collocation point of e 


for the high reactivity model instead of = proposed 
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by Villadsen and Stewart (101). It was found that the 
accuracy of the orthogonal collocation method could be 
improved by changing the optimum collocation point 


from = to #2 for the high reactivity model proposed 


V2 


by Paterson and Cresswell (82). 

The effectiveness factor in the transition 
regime between the Knudsen and the bulk molecular 
diffusion in the micropore within the catalyst pellet 
was treated by Abramov (2,3) and Abed et al. (1) with 
consideration of the Poiseuille flow in the pores due 
to the change of the number of moles of the gas along 


the pore length. 


v) Effective Diffusivity 


To obtain a poecacanie estimation of the effec- 
tiveness factor it is necessary to use accurate values 
of the effective diffusivity for the reactant concern- 
ed aswell as the physical properties of the catalyst 
pellet. Satterfield (93) collected a considerable 
amount of experimental data on effective diffusivities 
and also proposed estimation methods for the situation 
where experimental data are not available. Since ex- 
perimental data are still not sufficient for different 
reaction systems with different kinds of catalysts, it 
is frequently required to estimate an effective dif- 


fusivity from fundamental data on the reactant and the 
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catalyst pellet in the absence of the actual data. 

To explain the complexity of the pore geometry 
of the catalyst voids in evaluating the effective 
diffusivity, some models have been proposed. Wheeler 
(107) proposed a parallel pore model to represent the 
monodispersed pore size distribution in a catalyst 
pellet. In his model, the effective diffusivity was 


described by 

€ 
D = (=) D (2 204 
where 


my sandomly objented vy (2.21) 
(1-ay,)/Dan + 1/Dyy 


Np 
qe (2522) 
A 
a 8 R_Ty\35 
Din = 3 cael | Ry b2ine.s) 


According to Satterfield (93) the tortuosity 
factor, tT, can be approximated as 4 for non-surface 
diffusion catalyst pellets. Here the tortuosity 
factor was defined by the ratio of the actual diffus- 
ion path to the average pore length. 

Hideo Teshima (46) obtained experimental data 


on the effective diffusivity of carbon dioxide in por- 


ous chromia-alumina catalyst with average pore diameter 


° 
of 50 A and pellet porosity of 0.41 using an isotopic 
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exchange reaction method. His experimental values 
were in agreement with the parallel pore model when 
the tortuosity factor of 3.4 was employed. 

Since information about the surface diffusion 
effect on the catalyst pellet is still limited due to 
inadequate experimental and theoretical aspects of 
surface transport phenomena (94), the value of 4.0 
for the tortuosity factor for the Alon catalyst pellet 
was applied in this study. 

Johnson and Stewart (51) exploited a model in 
which a porous material could be represented as a 
bundle of randomly oriented cylindrical capillaries 
with different radii. In this model the effective 


diffusivity was described as 


D, = KfD do(r) (2.24) 


where 


ses feos? 0 dv(0) 
fav (9) 


(225) 


The problem in the Johnson and Stewart model is related 


to experimental data for the geometric constant, kK, as 
defined by equation (2.21) 

Upper and lower bounds for an effective diffus- 
ivity of a binary diffusion system were calculated by 
Petty (86) but the need for experimental determination 
of the geometric constant, kK, still could not be elim- 


inated. The importance of the choice of statistics 
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which best characterizes the pore size distribution 
function o(r) was emphasized by Petty (86). 

Wakao and Smith (103,104) proposed a random 
pore model for a bidispersed catalyst pellet to get 
an expression for the effective diffusivity; 

e 7 (1+3e,) 

Dy en a a ae th 


e = Duty Sidi eEgD (2.26) 


Wheeler's parallel pore model has been applied to 
estimate the effective diffusivity in the Alon catalyst 


for this study. 


vi) Effective Thermal Conductivity 


In addition to concentration gradients, a temp- 
erature gradient may also exist within individual cat- 
alyst pellets during gas-solid catalytic reactions. 
This temperature gradient may have a more significant 
effect on the reaction rate than concentration gradient 
may have, and hence on the effectiveness of the inter- 
nal surface of the pellet. 

Mischke and Smith (77) measured thermal conduc- 
tivities of pellets of alumina particles as a function 
of macropore volume fraction. They found that the 
thermal conductivity of solid alumina decreases with 
temperature. The low thermal conductivities of alumina 
itself indicated that severe temperature gradient could 


be possible in porous catalysts for highly exothermic 
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reactions. But the large effects of density of pellets 
on the effective thermal conductivity suggested that 
the area of contact between particles in the pellet 

was a Significant parameter which was more important 
than the conductivity of the solid phase itself. 
According to their experimental results, the alumina 
catalyst pellet of void fraction of 0.4 filled with 

air at 120°F was found to have the thermal conductivity 
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CHAPTER IIL 
PREDICTION OF CLAUS UNIT PERFORMANCE 
Performance of the Front-End Burner: 


In a conventional Claus process unit, one-third 
of H,S in the feed stream is converted to SO, in the 
front-end burner and the remaining two-thirds of HS 
is eventually converted to elemental sulfur in the 
catalytic converter according to two consecutive 
reaction schemes (1.1) and (1.2) described in Chapter 
1. If an assumption is made that the acid-gas feed 
stream contains very small amounts of See es like 
hydrocarbons, other reactions than reactions (1.1) and 
(1.2) may be ignored in the calculations to predict 
the performance of the front-end burner in a Claus unit. 

The reaction stoichiometry may be written in 


terms of fractional conversions of H.S, a and 8, accord 


2 
ing to reaction schemes (1.1) and (1.2) respectively,. 
in the following way when the two reactions occur in 


sequence and not in parallel. 


3 


H,S + z 0, —_—-> sO, + HO (i 2) 
3-a 1.5(1-a) oO oF 

; 3 
2H.,S + SO. aD x S. + 2H,0 Cow) 
3-a-28 a-B Ly 56 at+2B 
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The assumption of a consecutive reaction 
scheme is quite reasonable since reaction (1.1) is a 
very fast combustion process while the reaction (2) 
is very slow in the absence of proper catalysts even 
at high temperatures. Furthermore the equilibrium 
constant is much larger in the reaction (1.1) than in 


the reaction (1.2) as shown in Table 2 (33). 


TABLE 2 


EQUILIBRIUM CONSTANTS FOR REACTIONS (1.1) and (1.2) 


Temperature, _°C Reaction (1.1) Reaction (1.2) 
700 0.5562 x 1077 0.9928 x 10° 
800 0.1388-x 1077 0.1612 x 107 
900 0.9608 x 101? 0.2394 x 107 
1000 0.1449 x 1018 0.3320 x 107 
1100 0.4018 x 101° 0.4363 x 107 
1200 0.1809 x 10° 0.5495 x 107 
1300 0.1205 x 1027 0.6689 x 107 


Since the formation of S5 by the reaction (1.2) 
may lead to other forms of sulfur molecules such as S¢ 


ox. Ss it is necessary to include reactions (1.8) and 


ee 
(1.9) along with the reaction (1.2) to completely 


describe the reaction system. 
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3 S.5 << Se Chet) 


1.5(1-v,-v,) 0.5 6 Vy 


= So pen! So (1.9) 


eo B (1-v,-v5) 0.375. 8 V5 


Here V1 and V5 are defined as "fraction of the 


equivalent moles of S. which associated to form S, or 


2 6 


So", and.can be calculated from mole fractions Xo Xe 


and Xe obtained in the equilibrium calculation by 


using the following relationships. 


3 Xe 
Pe Gea tony oer (3.1) 
X, + 3X, + 4 X, 
Che: 4 Xo 8! 
2 - 
Xo + 3X, + 4 X, 
va 5! See bs Pla nee (3 23) 
The computed results of values of Vy and V5 at differ- 


ent temperatures are shown on Figure 2 which was ob- 

tained by using the free energy minimization method. 
In this reaction, the assumption of the exis- 

tance of only three different molecular species of 


sulfur, Sor S. and S, was inevitable since the exis- 


6 8 
tence of other sulfur species was still controversial 
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and no reliable data for them were available over the 
practical temperature range of the burner condition. 
In calculating the equilibrium composition of a part- 
icular gas mixture at a fixed temperature, the equil- 
ibrium distribution between Sor S¢ and S¢ was assumed. 
In tracing reaction paths which do not follow a 
sequence of equilibrium compositions, e.g. adiabatic 
reaction paths involving the reaction (1.2), the dis- 
tribution of the sy compounds may not be predicted 
because the reaction rate data are not available for 
these assocation-dissociation reactions between sulfur 
species. For this kind of situation it is often 
assumed to facilitate calculations along the reaction 
path that the various species of elemental sulfur will 
peat eani ls bices along that path. 

It was also assumed that the feed HS could be 
completely mixed with stoichiometric amount of air to 
form a uniform homogeneous reactant mixture right after 
the entrance of the burner. This condition may be 
easily achieved by modifying the burner chamber using 
some baffles or vanes in the path of the reactant 
stream. 

All reaction components were assumed to be in 
the gas phase and to exhibit perfect gas behavior over 


the range of compositions and temperatures encountered. 


A constant pressure of one atmosphere was employed 
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throughout the calculations by neglecting the effect 


of change of the mole number within the reaction 
system. Quantitatively the increase of the total 
number of moles in reaction (1.1) is 0.5 mole per 
10.14 moles of the feed mixture as illustrated in 
Figure 7. The change of the total number of moles due 
to reaction (1.2) depends upon the reaction tempera- 
ture. After reaction (1.1) has been completed, the 
temperature in the front-end burner becomes high 
enough, as shown in Figure 4, to make the average 
number of atoms in sulfur species smaller than 3. Then 
a net increase in the total number of moles can be 
predicted due to reaction (1.2). Therefore, the approx- 
imate maximum pressure decrease due to reaction (1.1) 
and (1.2) is expected to be about 5 percent of the 
feed pressure. 

The following data for heat of reaction (54) 


Mere iereiminse Pr eaCerOone: 0b.) (1. 2), 1.8) and (1.9)... 


° 


AH (1) = -123,924 cal/gmole of HS 


298 2 
AH 5 96 (2)..= 5,625 cal/gmole of HS 
AH5 95 (7) = -22,673 cal/gmole of S5 
AHj5, (8) = -24,753 cal/gmole of 8, 


The product mixtures were assumed to contain No, 


H,S, SO,, 05, Hor So) S_ and Sp: The thermodynamic 
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equilibrium compositions between different sulfur 
species along the reaction path were obtained using 
the free energy minimization method (72) and published 
thermodynamic data (71,105). The derivation of equa- 
tions to get adiabatic reaction paths in the front-end 
burner and the related computer programs are presented 
in Appendix C. 

Reference to the form and magnitude of the 
equilibrium constants for reaction (1.1) and (1.2) as 


tabulated in Table 1 and described in the following 


expressions 
PLavs P 
: e SO, HO 0. YH,O Et 
Pe ME 2a nine ice us (3-4) 
H,S 0. H,S 0, 
3/n 2 3/n 2 
Pp Pp y 
K = Sn ae on i oes 3/n-1 
pye diiuey E 2 3 iP =a) 
Gib wate. Yu.s Yso 
2 2 2 2 


shows that reaction (1.1) is essentially irreversible. 
Equations (3.4) and (3.5) also show that equilibrium 
compositions are relatively insensitive to pressure 
changes, and when the total pressure, 1, equals one 
atmosphere, they are independent of reaction pressure. 
The effect of the inert content on the equili- 
brium conversion can be predicted when the equilibrium 
constant is described in terms of conversion. Based 


upon the stoichiometric feed ratio of HS and SO. 
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in the presence of I-moles of inerts per a-moles of 


so the equilibrium constant for reaction (1.2) may 


Pa 


be obtained in terms of the fractional conversion of 


N (1-3/n) 
Kot Gy) © 2% s+ E-1) 7 (3/n-1) 


nates) = (3.6) 
where No is the total initial number of moles in the 
feed mixture, which is equal to (3a + I). From equa- 
tion (3.6) it may be found that the equilibrium con- 


stant for the Claus reaction is a function of X and 


N 
(2) for a constant value of n at one atmospheric 


pressure. For the value of n equal to 3, RS 2 appears 
to be constant for a fixed value of X, which means 
there is no dilution effect on the conversion level due 
to inert gases as long as the H,S-SO, feed ratio is 
maintained at the stoichiometric 2 to 1 ratio. Whenn 
is not equal to 3, the value of Bord may decrease or 
increase depending upon the values of (=) Aid jie. Ae 
nis less than 3, there is a net increase of the total 
number ot moles due to the reaction while a net decrease 
for the value of n larger than 3. When n is much less 
than 3, the equilibrium conversion level will increase 
as the inert content increases. On the other hand, 


when n is much larger than 3, the equilibrium conversion 


or ie eae Ah 
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[Moles of H 


level will decrease with the increasing inert content. 
For the value of n which is around 3, the effect of 
the inert content on the conversion level cannot be 
easily predicted from equation (3.6). 

The computed results plotted in Figure 3 shows 
the interesting behavior of the equilibrium conversion 
level depending upon the inert content and the average 
number of atoms in the sulfur vapor. Figure 3 really 
indicates that the conversion level of the Claus re- 
action can be improved or deteriorated by increasing 
the inert content in the feed stream depending upon 
the operating temperature. When the operating temp- 
erature is above 900°K, the conversion level increases 
with the increasing inert content, while the conversion 
level decreases with the increasing inert content in 
the temperature range below 750°K. 

Figure 4 shows "fractional conversion of HS to 
Sn plus so," as a function of the reaction temperature 
where the conversion X is defined by 


= 


> in acid-gas]-[moles of HS leaving the burner] 


[moles of H5S in acid-gas] 
ot eae) Coe) 


In Figure 4 the lines below the dotted level of 33.3% 


conversion level represent reaction paths according to 
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the reaction (1.1) while the lines between the equil- 
ibrium curve and the 33.3% conversion level represent 
reaction paths according to the reaction (1.2). The 
bottom curve in the family of equilibrium curves in 
the upper part of Figure 4 shows an X-T plot for 100% 
HS content in the acid-gas, i.e. for no removal of 
produced sulfur, while the other curves represent the 
same gas but after increasing levels of sulfur removal. 
Figure 4 shows that removal of 10% of produced 
equilibrium content of sulfur vapor followed by re- 
equilibration of the reaction mixture results in addi- 


tional conversion of HS to Sy according to reaction 


Z 
(1.2) from the 0% sulfur removal curve to the 10% one. 
Thus the ordinates for the family of curves represent 
the cumulative conversion attainable after a number of 
process steps during which the reaction system remains 
closed except for the removal of sulfur. 

Figure 5 shows a lower temperature portion of 
Figure 4 on an expanded scale to facilitate examina- 
tion of reaction paths for reaction (1.2) in a catal- 
ytic converter. Figure 4 and Figure 5 will be useful 
for burner and catalytic converter calculations which 
involve reactions (1.1) and (1.2) occurring sequent- 
ially but under adiabatic flame conditions. 

The equilibrium conversion of reaction (1.2) 


is temperature dependent at a fixed inert content as 
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shown in Figure 4, At low temperature ranges of below 
800°K, the equilibrium conversion decreases as the 
temperature increases, while at high temperature 
ranges of above 800°K the equilibrium conversion in- 
creases as the temperature increases. The minimum 
conversion occurs at the temperature range of about 
800°K depending upon the level of sulfur removal as 
shown on Figure 4. 

The existence of a minimum conversion point in 
the reaction (1.2) can be explained by the association- 
dissociation reaction between different sulfur species, 
which causes an exothermic reaction scheme at the low 
temperature range and an endothermic reaction scheme 
at the high temperature range. The plots in Figures 
3,4 and 5 are thus really characteristic of reactions 
(1.2), (1.8) and (1.9) rather than of the reaction 
gl opal a ao 
7 Since adiabatic temperature rises are non- 
equilibrium reaction paths in which the X-T coordinates 
are uniquely related by the condition that the enthalpy 
of the system remains constant, equilibrium consider- 
ations in the reaction mixture, except for that be- 
tween different sulfur species, are not required to get 
the X-T relationship. The magnitude of the slope ees 
at constant enthalpy of the system depends upon the 


sign and the magnitude of the heat of reaction as well 
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as upon the capacity of the reaction mixture to absorb 
the heat released, or vice-versa. 

The effect of inert gases upon the dx/dt curve 
for reaction (1.1) was computed, as shown in Table 3, 
to estimate the inhibiting effect against a temperature 
rise for cases of 10% excess amount of No, 20% and 40% 


of additional CO. contents in the acid-gas. The inert- 


ness of CO, was checked by using a feed acid-gas con- 


2 


taining HS and co. 


might contain COS and CS 


to get product distribution which 
2° The computed results in 


Figure 6 show that CO, contents in the acid-gas stream 


i 
can be treated as an inert gas in this particular study 
to predict the adiabatic reaction path in the front-end 
burner since the conversion of co. to COS and CS. is so 
small for the given temperature and pressure condition. 
The influence of other impurities present in the acid- 
gas in small amounts were neglected. 

Figure 7 illustrates the basis on which the 
adiabatic temperature rises in the front-end burner 
may be predicted. The temperature rise, (To-T)), re- 
sults from reaction (1.1) occuring to completion, 
X = 0.33, along an adiabatic reaction path; (T,-T.) is 
the slight temperature drop arising from the further 
conversion via reactions (1.2), (1.8) and (1.9) to 
form an equilibrium composition of reactants (HS and 


SO,), products (So, Ser S, and HO) and an inert (N,). 
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FRACTIONAL CONVERSION OF CO. 
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FIGURE 6: EQUILIBRIUM CONVERSION OF CO. IN THE FRONT- 
END BURNER 
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Further cooling occurs within the waste heat 
boiler and is assumed to produce either a cooled gas- 
eous stream (in a once-through process) or a gas and 
liquid sulfur mixture at the vapor-liquid saturation 
temperature of sulfur. The actual location of the 
temperature, T3, may be conjectural. To predict the 
plant conversion levels use can be made of the above 
sequential reaction scheme. 

Adiabatic X-T paths have been plotted in Figure 
4 and 5 for various inlet temperatures Ti: These 
paths all terminate at X = 0.33 as described above. 
Further adiabatic temperature changes via reactions 
(1.2), (1.7) and (1.8) are shown in the region above 
X = 0.33 and below the equilibrium curve labeled as 
"0% sulfur removal". 


Each of the T,-T, paths will terminate on an 


2ru3 

re T equilibrium point. When the additional cooling 
occurs in the waste-heat boiler section, the reaction 
rate will be suppressed and the resulting change in 
state may be followed along the constant conversion 
line until the specified temperature Ty is attained. 


The extent of cooling to T, along the constant conver- 


4 
sion line will determine whether sulfur condenses or 
remains in vapor phase. 


One point to be emphasized in Figure 4 is that 


the conversion X represents total conversion based on 


cf 


7 


'_- 


im 





the initial HS feed, i.e. conversion of HS to both 


2 
SO, and S,. via two reactions (1.1) and (1.2). The 


dotted line labeled 1-2-3-4 in Figure 4 illustrates 
the reaction paths for a 100% HS acid-gas undergoing 
the process already described above. If 50% of the 
sulfur so formed is condensed in the waste-heat boiler 
and then separated from the reaction mixture, the 
curve in Figure 4 labeled "50%" would describe the 
subsequent equilibrium x" =" ‘compositions permitted 
for such a stream composition. 

Here, the equilibrium calculations and estimated 
X-T paths do not indicate whether the predicted temper- 
ature rise is sufficient to maintain a stable flame 
temperature in the burner or not. This condition must 
be specified on the basis of plant experience. 

The adiabatic reaction paths which have been 
calculated were found to be quite dramatically influ- 
enced by the equilibrium distribution between the sul- 
fur species, So Se and Sgr at some temperature ranges, 
especially between 700° and 1000°K. 

The discontinuity in X-T paths at X = 0.33, 
strictly speaking, is not realistic, but appears of 
convenience in analytic calculations, because the 
overall temperature rise during the overall reaction 
paths would become the path from Ty through T3- In 


this sense the slope of the reaction path has its 


rs 
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meaning ultimately to predict the terminating product 
temperature from the front-end burner just before the 


catalytic converter. 


Performance of the Claus Catalytic Converter 


Upon specifying an exit temperature and the 
corresponding composition, Ty and Xy in Figure 7,. of 
the product stream from the particular waste-heat 
boiler, further reaction may be promoted by contacting 
the stream with a bed of catalysts. 

The cooling process from T3 to Ty contributes 
not only for condensing of sulfur formed in the 
front-end burner but also for obtaining a higher equil- 
ibrium conversion level in the temperature range below 
800°K. This additional sulfur formation and increasing 
the overall conversion level by alternately cooling the 
gas stream and then passing it through a bed of catal- 
yst is the most popular scheme in a "once-through" 
sulfur recovery process. To predict the overall per- 
formance of a Claus unit a proper mathematical modeling 
of the catalytic converter is also required in addition 
to the front-end burner calculation. 

Various kinds of mathematical models for a cat- 
alytic fixed bed reactor have already been discussed in 
the literature survey. In the case of a Claus cataly- 


tic converter the catalyst bed is very large in its 
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diameter (15 ~ 20 feet) and the depth is much shorter 
(3 ~ 4 feet) compared to its diameter. Therefore, the 
assumption of adiabatic operation is realistic, in 
which case the one-dimensional model is applicable in 
the absence of radial concentration and temperature 
gradients. 

For the above reason, a homogeneous one-dimen- 
Sional model was adopted to simulate the Claus cat- 
alytic converter, more particularly that originally 
developed by Liu and Amundson(62), their so-called two- 
phase model. According to this model, the general 
transport and reaction processes in the catalytic bed 


may be described by the following equations: 








‘lou ee sbteys 
i — + (C. - C_.) - D. —>—= 0 (3.8) 
int az : £ s L az 
B 
aT AL h A_h 
£ #4 _B us 
Pr CoE Vint az t (Tp Tg) ‘: € (Ts T,) 
ER B 
= 0 (3.9) 
An oe (C. - Ce) +n Pp Ty (P.,/T,) = 0 f3g2.0) 
aer. 
A, h re o Te) + n AH Pp abe (P.,T,) - Ke oe, = 0 


Hangs <i e.  (3.11) 
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In the above equations, the rate expression to 
be used herein is the one proposed by Liu (66) for 
the Alon catalyst. Actually the model by Liu and 
Amundson (62) is modified by including the internal 
transport resistances through the insertion of the 
effectiveness factor which was ignored by many invest- 
igators (30,49,102). 
By assuming the following conditions: 
(1) Negligible axial dispersion 
(2) Negligible axial conduction 
(3) Uniform velocity profile across the bed 
(4) Adiabatic condition with surroundings 
(5) Constant pressure along the reactor 
(6) Stoichiometric feed ratio of HS and SO, 
(7) Equilibrium distribution of sulfur species 
between Sor S¢ and S. at the given temper- 
ature along the reactor 
(8) Uniform concentration distribution on the 
catalyst external surface 
(9) No Poiseuille flow in the pores, i.e., a 
negligible change in the number of moles of 
the reaction mixture. 
the general equations for heat and mass balances may 
be reduced to a simplified form as presented in Appen- 


dix E. The resulting simplified equations to be solved 


become, in terms of dimensionless variables, 
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aX 
aL + A, (X, oe X.) = 0 (3.12) 
A, (f) ee ae 
ALS (RL -2 X_ es exp (<—)= 0 
= Ah ee (urerenn Deke £2) fo 
4 Beis 
98 2916 (3.13) 


Equations (3.12) and (3.13) were solved numer- 
ically by using the Newton-Raphson method in equation 
(3.13) and the standard Runge-Kutta-Gill integration 
ened in equation (3.12) repetitively starting from 
the inlet up to the outlet of the reactor with the 
precalculated value of the effectiveness factor. 

The most important consideration in this treat- 
ment arises with the effectiveness factor of the cat- 
alyst pellets, whose effect on the actual reaction 
rate is implicitly included in the parameter A, in 
equation (3.13). The various methods to calculate 
Or estimate the effectiveness factor of the catalyst 
pellets have extensively been surveyed in the litera- 
ture survey. 

The appropriate choice of a calculation method 
for the catalyst effectiveness factor can reduce much 
of the computing time since the effectiveness factor 
should be repeatedly calculated along the reactor bed 
to obtain an accurage prediction of the reaction path 
through the bed. The first step to be taken before 


choosing any proper calculation procedure is to decide 
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whether the reaction involved is in the fast reaction 
regime or in the slow one. In the fast reaction re- 
gime the concentration of a reactant rapidly drops to 
zero before it can reach the center of the spherical 
catalyst pellet while it gradually decreases until it 
can reach the center of the pellet in the slow reaction 
regime. 

To decide upon which reaction regime is applic- 
able, the concept of the Thiele modulus was used . 
For spherical catalyst pellets, the Thiele modulus is 


defined by (94) 


(3.14) 





For Thiele modulus of less than 0.5, most of the reac- 
tion occurs in the entire catalyst pellet in the slow 
reaction regime which means that the reaction rate is 
Slow enough compared to the diffusion rate for the 
catalyst effectiveness factor to become approximately 
1. On the other hand when the Thiele modulus becomes 
larger than 5 the reaction occurs in the fast reaction 
regime where the reaction rate is fast enough compared 
to the diffusion rate to make the effectiveness factor 
much smaller than unity (61). 

In this study, the calculated value of the 


Thiele modulus (Appendix F) at the reactor inlet 
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conditions shows that the reaction occurs somewhere 
between the fast and the slow reaction regimes since 
the calculated Thiele modulus is about 5. This value 
of the Thiele modulus enables the asymptotic solution 
of the transport equations to be used to obtain the 
effectiveness factor with an error of less than 15%, 
as shown on Figure 8. 

To make certain whether the reaction interface, 


X defined as the point in the catalyst pore where 


I’ 
the concentration of the reactant might drop to zero, 
falls in between the external catalyst surface and 

the center, Van Den Bosch's collocation method (90) 
was modified and applied to this reaction system. The 
collocation equation was derived for this particular 
reaction system (Appendix G), which was solved using 


the false position method to get X_ with the optimum 


a 


collocation point of a as proposed by Van Den Bosch 
V2 


(99) for the high reactivity model. The calculated 


results showed that X_ was equal to zero implying that 


iE 
the positive concentration of the reactant could reach 
the center of the catalyst pellet. 

Therefore, the accurate value of the effective- 
ness factor may not be expected by employing the shell 
model on a flat slab approximation in this particular 


Situation. Judging from the above preliminary invest- 


igations, the Weisz and Hicks' conventional method (106) 
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was supposed to be the most proper method to calculate 
the effectiveness factor although it was a little slow 
and required a number of iteration. 

The detailed derivation of equations to apply 
the Weisz and Hicks' method to this study is presented 


in Appendix H with the related computer program. For 


the purpose of comparison the asymptotic solution using 


the approximate flat-slab model was also obtained as 
presented in Appendix F. The calculated values of the 
effectiveness factor by both the conventional numeric- 
al method and the asymptotic method are shown in 
Figure 8 as a function of the Thiele modulus. In 
Figure 8 it can be found that the difference between 
the two methods is significant when the Thiele modulus 
is less than 10 and negligible when it is larger than 
10. The Thiele modulus at the reactor inlet condition 
was calculated to be 4.4 and at the outlet condition 
5.4. The calculation procedure was given in Appendix 
E and H. The corresponding effectiveness factor of 
0.18 and 0.15 may be seen in Figure 8. The maximum 
percent deviation of the effectiveness factor is, 
therefore, about 8.3%. Furthermore the effectiveness 
factor is essentially a linear function between the 
Thiele modulus of 4.4 and 5.4 as may be recognized in 
Figure 8. As a result, the arithmatic average value 


of the effectiveness factor between the inlet and the 
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outlet condition was treated as an overall effective- 
ness factor for the whole length of the reactor bed. 
In further calculations to predict the characteristic 
performance data of the Claus converter the overall 
constant effectiveness factor with the value of 0.17 
has been applied. 

The effective diffusivity was calculated using 
the parallel pore model based upon Chuang's experi- 
mental data (18) for the pore size distribution of the 
Alon catalyst. The average pore size employed was 
80 A, in which range the diffusion phenomena certainly 
occurs in the Knudsen diffusion regime. The tortuosity 
factor was chosen as 4.0 in reference to data by Hideo 
Teshima (46) and the recommended value of Satterfield 
(93). The calculated value of the effective diffus- 
ivity was 0.001888 as shown in Appendix D. 

The effective thermal conductivity data were 
very limited. Fortunately, however, the catalyst 
pellets concerned in this study have pore structures 
of small enough dimensions to be operating in the 
Knudsen diffusion regime. Furthermore the pore size 
distribution range around the average value was rela- 
tively narrow according to Chuang's data (18). Oper- 
ation with this type of a catalyst would therefore be 
expected to be free of internal thermal effects within 


the catalyst pellet and justifies neglecting of these 
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effects even under the severe mass diffusion effects 
(106). Often the effect of the thermal conductivity 
becomes very important for the pore structures of 
non-Knudsen diffusion regime (106). 

The data obtained by Mischke and Smith (77) gave the 
value of the effective thermal conductivity of alumina 
catalysts with macro void fraction of 0.4 equal to 
0.082 But/hr.ft.°F at 120°F under the atmospheric 
environment. This value was used in this work to pre- 
dict the intraparticle thermal effects. The results 
of calculations indicated, as presented in Appendix F, 
that the internal thermal effect may be neglected. 

For this kind of small pore structures, the 
above analysis implies that the effective diffusivity 
rather than the effective thermal conductivity may 
play a very decisive role. Because of the absence of 
the internal thermal effect the energy balance equation 
within the catalyst pellet does not need to be consid- 
ered when computing the effectiveness factor, i.e. the 
mass balance equation is the only equation to be solv- 


ed. 


Results of Reator Modeling 


The temperature and the conversion profiles 
along the catalyst bed are plotted in Figure 9 for a 


feed temperature of 550°K and space velocity of 
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1000 hr *. ‘the profiles indicate that a significant 


amount of reaction occurs at the entrance of the re- 
actor bed and almost maximum conversion may be reached 
at the depth of about 2 feet. With this prediction ba 
can be suggested that if the space velocity is in- 
creased to a higher level than 1000 hr>?, a greater 
yield may be obtained without affecting the reactor 
efficiency. 

In Figure 10, the effect of the external trans- 
port resistance is shown for the inlet section of the 
reactor since the inlet section can have the greatest 
gradient in temperature and concentration when the 
Significant reaction occurs at the inlet section. 
According to Figure 10, the effect of the external 
diffusion effect is quite negligible even in the inlet 
section while the thermal resistance is considerable. 

The negligible mass transport resistance in the 
external fluid film can provide a unique steady state 
solution of the transport equations (3.12) and (3.13) 
even with considerable thermal resistances. The pos- 
sibility of the existence of multiple solutions due to 
the external resistance was checked by solving the 


equation (3.13) for X with X,. as a parameter using 


f 
the false position method. The computed results are 
plotted in Figure 11. Obviously no multiple solutions 


may exist under the reaction conditions of this simu- 


lation and, of course, under the practical plant 
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operational condition. 

Figure 12 has been plotted to evaluate the 
effect of the feed temperature on the X-T plot with a 
Space velocity of 1000hr +. The slope of * appears 
to be almost constant for the different inlet tempera- 
tures. 

Figure 13 represents the effect of the feed 
temperature on the temperature profile along the 
reactor with a constant space velocity of 1000 hEtee 
From the slopes of the temperature profiles it can be 
predicted that the feed temperature should be above 
500°K to get high enough reaction rate right at the 
entrance of the catalyst bed. 

Figure 14 shows the effect of the feed tempera- 
ture on the conversion profile along the reactor with 
a constant space velocity of 1000 hr tl. Judging from 
the slopes of the profiles it can be confirmed that the 
fast reaction rate right at the entrance of the catal- 
yst bed can be achieved when the feed temperature is 
above 500°K. The difference in the conversion level 
appears to be negligible at the outlet of the reaction 
when the feed temperature becomes higher than 500°K. 

Figure 15 indicates that the effect of the 
space velocity on the conversion level at the fixed 


feed temperature of 550°K is significant when the 


Space velocity exceeds 2000 hr |, but negligible when 
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FIGURE 13: 


FEED TEMP = 600°K 
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FRACTIONAL CONVERSION OF S904, Xe 


SPACE VELOCITY 


Pressure: l atm 

Feed Temp: 550°K 
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FIGURE 15: EFFECT OF THE SPACE VELOCITY ON 
CONVERSION PROFILES 
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fétia below 1000 hres 


What should be noted in this modeling results 
is the fact that the reverse reaction of the Claus 
process was not taken into account due to the lack of 
knowledge on the rate of the reverse reaction. However, 
the reverse reaction rate was found to be negligible 
compared to the forward reaction rate in its magnitude 
under industrial operation conditions according to Liu 
(66) in his statistical correlation of the rate data. 
Another point which should be made here is that simul- 
taneous reactions which may possibly occur in the Claus 
reactor, for example the COS-SO,, and COS-H,0 reactions, 


have not been considered in this simulation work. 
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CHAPTER IV 
DESCRIPTION OF EXPERIMENTAL SYSTEM 


The experimental equipment consists of three major 
parts; a reactant feeding system, a reaction system and an 
analysis system. The reactant feeding system was originally 
designed and built by McGregor (72), to which an additional 
COS feeding line was installed in this work. In the reac- 
tion system, an integral bed reactor was employed instead 
of the differential recycle reactor which had been used by 
McGregor (72), Liu (65), and Karren (53) for their kinetic 
studies on the Claus reaction. To analyse the feed and the 


product streams a gas chromatograph was used. 


4.1 Reactant Feeding System: 


The schematic diagram of the reactant feeding 
system is presented in Figure 16. The feeding system 
starts from gas cylinders, each of which has been 
equipped with its own pressure regulator. In the nit- 
rogen feed line a second pressure regulator was provid- 
ed in series with the first to improve the control of 
nitrogen pressure upstream of the flow controller 
since the nitrogen cylinder pressure tended to drop 
much faster due to its much larger flow rate compared 
to other reactants. 


Each gas stream except COS was dried with 
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FIGURE 16: SCHEMATIC DIAGRAM OF THE REACTANT FEEDING 
SYSTEM 
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anhydrous calcium sulfate contained in a 500 ml stain- 
less steel cylinder to prevent the homogeneous reaction 
between H,S. and SO. in the presence of condensed 
water vapor. The COS cylinder was checked for water 
impurities and in the absence of water content a COS 
drier was unnecessary. 

Glass rotameters with stainless steel balls 
were used to control the flow rate of each reactant 
stream along with the flow controllers of diaphragm 
type. A surge tank was installed in the COS feeding 
line to improve the feed pressure control without 
using the diaphragm type controller. The rotameters 
did not give accurate readings of the flow rates, so 
they were used only as a visual indicator of whether 
the flow rate of reactant streams remained constant. 
The accurate flow rate of each reactant stream was 
obtained by the GC analysis results of the feed stream 
combined with the measured total flow rate. 

The reactants were mixed in the mixing venturi 
to form the feed mixture of desired composition, 
whose total absolute pressure was measured by a 
Foxboro 66 FR-2 electronic absolute pressure transducer 
and whose temperature was measured by an iron-constant- 
an thermocouple. 


The total flow rate of the feed mixture was 



















ug " Sp 
* zt ea 
# ‘ th, 
x _ 
“ni spsa 02 6 nt Benistnoo etelive mut ops aniennde | 
NOLIOBS yosnapomod oft soevexg oF Tabak iyo foadge enol. ‘ 


bre ‘gH avswied 
. 


nabroo Yo sotees1q ena mi 08 


= 


27 BW 107 ats smarD acw y~eibitd iv eon exit e sOqaV  tet8W. Tait 
“ 4 
i Hgrias si , : _ j 
193N0D Yotew to osnetds’ #O7 or Bets sed tetcegmt mY 
; ‘ Zi ral 
vrsasepsum ssw teitb 
7 - - 17 i x 
tad loode vaelniste itiw exretometot eeal> 
/ ; and =< : i a 
¢reetose: doeg to ater wold sitfo Pomago oz bone sisw 


mpsiigqsth to exelioxtaes wol? sd astw alert seagate 
w = M 


oaibest 20D sf? ai belledsadi esw danas apie & eqys 


+ponsiw Lowttoo eigesstq heet sis vce og enti a 
; ; > 


ststanaset oT .telfoudno> say? mos iigsibh estt gates. : 7 


ce ,eotex wolt elt To apmrtbset hited ovie Jon bib 


itedw te srostaorbal leveiv. s se ine beew anew “yee 
-} on Pas 

42no0> benibmet empeite siesaie St 20 ode volt ® 
' x as ee 

onpw meowte thatoser dos to Sot ant we rt ‘B82H008 


mserte Haqt odd 7 ° ed Luaes elavisus 9 ‘ode ve ba 
 esoax wold fetot bexuissom ‘ene Atiw ben 


tustnov paikint eas ai. Bextor graw ® eyansos sc Sa. 
i. <P att MF 


sols Faoqgmoan bevieeb to pee ‘howd edd 


# ve bewwesem asw 6 cet ad stat oe 
ae = ot x 


4 





106 


measured by a Foxboro 613 DL differential pressure 
cell and controlled by a Foxboro Stabiflo 6R-V4 
control valve. A surge tank with a volume capacity 
of 500 ml was used to ensure complete mixing of the 
reactants before they reach the control valve. 

A variable portion of the feed mixture on the 
upstream side of the differential pressure cell was 
continuously vented depending upon the desired flow 
rate of the feed mixture through the reactor. 
Another small portion of the feed mixture was intro- 
duced continuously to the gas chromatographic detector 


for analysis of the feed composition. 


Feed-Product Analysis System: 


The composition of both feed and product streams 
was analysed by a gas chromatograph equipped with a 
Beckman - 320 programmer, Infotronics Aerograph 471 
digital integrator, and Hewlett-Packard Model 17503 A 
SNderh, The schematic flow diagram of the analysis 


system is presented in Figure 17. 


re ee Separation of components in GC Column 


To separate all components in the gaseous re- 
actant and product mixture the GC column was arranged 
in a three-column-in-series mode. All of the possible 


components, N co HS, COS, SO. and HO were 
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E: SAMPLING VALVE 

F:; FEED STREAM 
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M: REFERENCE -HELIUM VENT 
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FIGURE 17: SCHEMATIC DIAGRAM OF THE ANALYSIS SYSTEM 
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separated using three columns in series; the first 
column was a 3-foot Chromosorb 104, the second a 
6-foot Porapak QS in 50~80 mesh, and the third a 
3-foot Porapak T. All of these columns were made of 


1/8 inch diameter SS 316 stainless steel tubings. 


According to experimental results for optimum 
column arrangements, the longer the Chromosorb 104 
column became, the better was the resolution between 
sO. and H,O peaks but the worse between COS and H,S 
peaks. In the absence of the Porapak QS column H,S 
and COS peaks completely fused into one large peak 
while the separation between SO, and HO peaks was 
excellent with almost the same elution time as ob- 


tained in the presence of that column. Porapak T 


column improved separation of H,S and COS peaks but 


2 


made the elution time of SO, and H50 peaks longer 


causing excessive tailings in both peaks. With the 
optimum three-column-in-series arrangement, 3 feet 
of Chromosorb - 6 feet of Porapak QS - 3 feet of 
Porapak T, the total elution time was about 12 minu- 
tes with good separation between each peak at the 
column temperature of 190°F. The temperature control 
of the GC system was performed by Honeywell R 7161 
temperature controller and displayed on Honeywell 


Electronik 16 multipoint temperature recorder. 
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No. 


The experimental results showing a comparison 


between different column arrangements have been sum- 


marized in Table 4. 


TABLE 4 


COMPARISON BETWEEN DIFFERENT COLUMN ARRANGEMENTS 


Column 
Arrange- 
ment 


4A + 6B 
4A+6B+3C 


6B + 3C 


1A+6B+3C 


3A+6B+3C 


Numeric value 


Tareuosorh 104 column 


Porapak QS column 


Porapak T column 


Separation 


H,S-COS SO,-H,0 


2 Zoe 
good good 
good good 
good fused 
good fused 
good good 


Helium 
Flow Rate 
(ml/min) 


ES 


ga 


35 


6s) 


35 


the length of 


a column in feet 


Elution 
Time 
(min) 


30 
16 


excessive 
tailing 


less 
tailing 


12 


Column 
Temper- 
ature (°F) 


120 
200 


200 


200 


190 


The feature of the separation of each peak is 


illustrated in Figure 18 using the selected optimum 


column, 


column No. 5. 
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FIGURE 18: 


Column Arrangement: 


Helium Flow Rate 
Column Temperature 


Chart Speed 
Sample Size 
Attenuation 


Bridge Current 


HS + eee | 


eos <x ‘1 


4 


6 


8 


SO. ee 


Colum No.5 
in Table 4. 
35 ml/min 
190°F 

0.5 inch/min. 
Se Oat 

As noted 


250 mA 


H50 yaa 


TIME AFTER SAMPLE INJECTION, MINUTE 


TYPICAL CHROMATOGRAM FOR SEPARATION OF 
SO, AND H.O 


No, C05, H 


2 


5, COS, 


2 
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4.2.2 Selection Valve and Sampling Valve Mode 


Two 6-way valves were used to select and sample 
the feed and product stream alternately. The struc- 
ture and the detailed description of the operating 
condition of both valves were given by McGregor (72) 
and Liu (65). Both valves were actuated with air 
pressure of about 20 psi initiated by a manual push 
button on the control panel; the product stream was 
selected by pushing the button and the feed stream 
was selected when the push button was in the pulled- 
out position. 

The sample injection button on the programmer 
chassis was pushed down manually for 13 seconds to 
sample the selected stream for GC analysis. The 
automatic sampling action by the cam adjustment had 
been employed by the former researchers (53,65,72) 
but was not used in this work because it was found to 
cause significant noise in the electrical circuit 
which extends from the,GC output to the recorder, the 


integrator and the computer. 


4.2.3 Attenuator Setting 


The individual attenuator in the Beckmann-320 
programmer which could be automatically actuated by 
adjusting the microswitch can also cause severe noises 


all through the electrical circuit when the cam 
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position changed. So the timer cam was not used 


throughout this work. Instead, three separate atten- 
uators were installed; a chromatograph attenuator, 
attenuator I, and attenuator II. 

The chromatograph attenuator was set to 10.0 


which would give the maximum sensitivity while atten- 


uators I and II were set to 10.0 and 5.0, respectively. 


These attenuator settings were determined by the con- 
dition ith the maximum output of the largest peak 
(N. peak) from the GC should not exceed the maximum 
allowable input to the digital integrator at the max- 
imum sensitivity range (50 mV). 

The attenuator selection switch mode is shown 
on Figure A.4 in Appendix A. An on-off switch was 
provided in parallel with the attenuator I and II 
which were connected in series. When the switch was 
off, the attenuator I and II were connected to the 
output from the chromatograph attenuator giving the 
maximum attenuation ratio or minimum sensitivity. 
When the switch was on, the attenuator I and II were 
bypassed to obtain the maximum sensitivity or the 
minimum attenuation ratio. During the actual opera- 
tion the switch was off for the nitrogen peak, and on 
for other peaks to obtain maximum sensitivity over 
the permissible input signal range to the integrator 


and the computer. 
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Reaction System: 


The reaction system was comprised of the pre- 
heater, a reactor, a sulfur condenser, a water conden- 
ser and a sulfur trap. The schematic diagram of the 


reaction system is shown in Figure 19. 


4.3.1 Feed Preheater 


The feed mixture was preheated from room temp- 
erature to the desired reaction temperature by passing 
through the preheater. The preheater was constructed 
from a solid stainless steel block. Two high-resis- 
tance heating elements were inserted in holes drilled 
within the block, and stainless steel 316 tubing was 
wrapped helically about the exterior of the solid 
block in 20 pre-machined helical groves. The entire 
assembly was insulated with a glass wool blanket. The 
power supply to the preheater was adjusted manually 
by a Variac. The temperature was measured and record- 
ed by an iron-constantan thermocouple located at the 
top of the preheater and a Honeywell Electronik 16 
Peneereears recorder. An auxiliary U-shaped heating 
element was installed between the feed preheater and 
the reactor to compensate for the heat loss from the 
line. The temperature of this element was controlled 


by an on-off temperature controller fabricated by the 


shop in the Department of Chemical Engineering. 
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FIGURE 19: SCHEMATIC DIAGRAM OF THE REACTION SYSTEM 
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4.3.2 Reactor 


An integral fixed bed reactor was used in this 
study. The reactor assembly was fabricated using a 
stainless steel 316 tube of 1 inch diameter and 9 
inches long. A stainless steel 316 screen of 30 mesh 
Size was fixed at the depth of 7 7/8 inch from the 
top of the reactor tube, which was connected to the 
reaction system by 1 inch Swagelok fittings. The 
reactor assembly was easily removable from the system 
by disconnecting at points A and B in Figure 19 when- 
ever new catalyst was to be charged. 

The temperature of the feed stream at the reac- 
tor inlet was measured just above the top of the cat- 
alyst bed and that of the product stream at the re- 
actor outlet was measured just below the bottom of 
the bed by iron-constantan thermocouples which were 
precalibrated according to the procedure presented 
in Appendix B. 

The reactor outlet temperature was controlled 
manually by adjusting the input current to the reactor 
wall heating element by means of a Variac. The 
reactor wall heating element was made of the nichrome 
wire wound uniformly around the reactor wall. 

The pressure in the reactor during the reaction 
period was measured upstream of the reactor and con- 


trolled by a Statham electronic gauge pressure 
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transducer connected to a Foxboro V4A pressure con- 
trol valve. The pressure transducer was precalib- 
rated by the procedure described in Appendix B. 

A water injection coil made of a stainless 
steel 316 tube of 1/16 inch diameter and 2 feet long 
was connected to the feed line between the preheater 
and the reactor. The water injected to the inection 
coil by a syringe pump was vaporized in the injection 
coil by heat supplied by the auxiliary heating ele- 


ment. 


4.3.3 Sulfur Condenser and Water Condenser 


The product stream from the reactor was divid- 
ed into two streams; the first portion entered the 
sulfur condenser and then the water condenser before 
being vented, while the remainder of the stream 
entered the sulfur trap to remove the product sulfur 
vapor before reaching the GC analysis system. 

The sulfur condenser originally designed by Liu 
(65) was found to be smaller than required for this 
study so that another additional one-pass condenser 
was added on the top of the original condenser to 
increase the holding time of the condenser system. 
The additional sulfur condenser was made of stainless 
steel tube of 3/4 inch in diameter and 20 inches in 


length with no interior baffles. 
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The temperature of the first condenser was 
Maintained at around 350°C at the inlet and 110°C 
at the outlet so that the product sulfur might be 
condensed into the liquid phase, which helped to 
maintain a steady flow of the gaseous product mixture 
without any serious plugging. The second condenser 
was kept at the room temperature to completely knock- 
out the sulfur vapor which would not be condensed in 
the first condenser. 

The water condenser was made of stainless steel 
pipe of 2 inch diameter and 10 inches in length, and 
packed with glass wool. The condensed water was al- 
lowed to flow by gravity into the bottom of the. con- 
denser to be accumulated before discharge through the 
vent valve attached to the bottom of the condenser. 
The product stream stripped of the sulfur and water 
vapor passed through the side opening to reach the 
reactor pressure control valve on the vent line. 

Since the product stream entered the condenser 
system merely for disposal by venting, the design and 
operational conditions were not so critical as those 
required in the previous studies (53,65,72). The only 
performance Pa itT onan for the condenser system was 
to keep the reactor pressure constant while maintain- 
f4 steady flow. Actually, however, the downstream 


part of the condenser system was gradually plugged with 
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entrained sulfur dust making it necessary to clean 
out the lines every week. The pressure buildup due 
to the accumulation of the sulfur dust in the line 
was compensated by gradually increasing the opening 
of the reactor pressure control valve. 

The lines from the reactor to the sulfur con- 
denser and to the sulfur trap as well as from the 
sulfur condenser to the water condenser were kept 
heated by wrapping with nichrome wire to prevent 
sulfur vapor from condensing in the lines. The first 
sulfur condenser itself was also heated with nichrome 
wire windings. To control the input current to each 
heater, separate Variacs were used. 

A sulfur accumulator was attached to the 
bottom of the first condenser to receive the condensed 
liquid sulfur flowing downward by gravity. In adai- 
tion a vent valve was installed at the bottom of the 
sulfur accumulator to avoid the replacement of the 
sulfur accumulator by regularly removing the accumu- 
lated liquid sulfur through the vent valve. 

A detailed description of the structure of 
the first sulfur condenser was presented elsewhere 


(65). 


A...3.4.. SULEur Trap 


A sulfur trap was designed to remove the 
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product sulfur vapor before the product stream entered 
the GC analysis system. The first sulfur trap was 
made of a stainless steel 316 tube of 1/2 inch in dia- 
meter and 10 inches in length with a U-shape. No 
baffle was provided in the sulfur trap to reduce the 
dead zone around the base of the baffles which could 
cause the broader residence time distribution of the 
product stream in the trap. The second sulfur trap 
was made of 3/4 inch diameter stainless steel tube of 
7 inches in length and V-shaped, with no baffles in- 
Side. Each sulfur trap was alternately used while the 
other was undergoing cleaning of the accumulated 
sulfur. 

The temperature of the sulfur trap was kept 
just above the water vapor condensing temperature in 
the product stream, usually at the room temperature. 
This was to prevent absorption of HS and SO, in the 
condensed water with resulting chemical reaction 
which could cause incorrect GC analysis results of the 
product stream. The inlet temperature to this sulfur 
trap was measured by an iron-constantan thermocouple 
and recorded on the Honeywell 24 point electronic 
recorder. The outlet temperature from the sulfur trap 
to the GC system was also monitored by an iron- 
constantan thermocouple and recorded on the recorder. 


Just next to the outlet of the sulfur trap, a 
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sponge filter made of polystyrene foam was packed 
in the line in about 1/2 inch depth to avoid any en- 
trainment of dusty sulfur particles upstream to the 


Ge 


Process Measuring and Control System: 


All temperatures were measured by stainless 
steel-shielded iron-constantan thermocouples. The 
voltage signal from each thermocouple was adjusted by 
a Acromag model 323 electronic O°C reference and then 
recorded on a Honeywell 24 point electronic recorder. 
The recorder was equipped with an integral solid 
state calibrator, a chart span selector of 5 to 
5000 mV span and a voltage range suppressor of 0 to 
1000 mV. The recorder was precalibrated using a pot- 
entiometer and occasionally checked when any malfunc- 
tioning was revealed. In almost all the experimental 
run, the 20 mV span was employed. 

The total absolute pressure of the feed stream 
was measured by a Foxboro model 66 FR-2 electronic 
absolute pressure transducer while the feed flow rate 
by a Foxboro model 613 DL electronic differential 
pressure cell. The reactor pressure was measured by 
a Statham gauge pressure transducer. The signals from 


the feed and reactor pressure transducer were recorded 
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on the Foxboro 6430 HF electronic consotrol recorder 
and controlled by the Foxboro V4A control valve. 

The feed flow rate was controlled manually by 
the Foxboro 69 PA-1 control valve in combination with 
the valve V-M on the schematic flow diagram in Figure 
oe 

The reactor inlet and outlet temperatures, the 
sulfur condenser inlet and outlet temperatures, the 
sulfur trap inlet and outlet temperatures, the pre- 
heater temperature and the auxiliary heater tempera- 
ture were controlled manually by adjusting the pe 
current through the variacs. The temperature of the 
gas chromatograph oven was automatically controlled 
by a Honeywell R 7161 temperature controller. 

The gas chromatograph and the process measur- 
ing devices were calibrated through the procedures 


described in Appendix A and B. 
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CHAPTER V 


EXPERIMENTAL PROCEDURES AND RESULTS 


The experimental work to be described herein 
deals mainly with improvements in the procedures employed 
in measuring conversions for reaction (1.2) using an 
integral fixed-bed reactor and then with evaluation of the 
performances of a number of catalysts over a variety of 
conditions. The latter experiments involve three main ob- 
jectives; a comparison of activities between the newly 
developed bifunctional catalyst and a commercial alumina 
catalyst, a determination of the influence of ratio of 
mass of activating agent to mass of y-alumina "support" 
upon the catalyst performance, and finally, an evaluation 
of maximum attainable conversions in the laboratory re- 


actor. 


5.1 General Experimental Procedures: 


5.1.1 Startup of the System: 


A known amount of a catalyst was loaded into 
the reactor, which was PReragenely vibrated to obtain 
a more uniform packing of the catalyst bed. After the 
reactor was reassembled, all of the threaded joints 


and fittings were checked for leakage using the soap 
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bubble test method with positive nitrogen pressure 
of around 30 psi within the system. When the system 
was gas-tight, the auxiliary heater and the reactor 
were insulated by a box-type covering made of a 
blanket of ceramic wool. 

The nitrogen cylinder valve was then opened 
to start a flow of nitrogen through the system, and 
then all heating elements were switched on. The 
temperature of the catalyst bed was raised at the rate 
of approximately 3°C per minute until the feed temp- 
erature reached 570°K. With both the nitrogen flow 
and heating started, the flow of helium was initiated 
through carrier and reference sides in the GC system 
at the rate of 35 ml/min through each side. After 
switching on the GC systems. which included the GC oven 
and the detector filament, it took about 3 hours to 
raise the GC oven temperature to 190°F and more than 


12 hours to get a stable baseline. 


5.1.2 Experimental Measurement of Integral 


Conversions: 


All newly charged catalysts were activated by 
heating continuously with first the nitrogen flow 
through the reactor, and then with the sb ein HS mix- 


ture of about 3 mole percent in H,S concentration. 
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The feed temperature during activation and reduction 
with HS was maintained at 570°K for more than 3 
hours, respectively, which was slightly higher than 
the normal operating temperature. 

After checking the functioning of process 
measuring and controlling systems, the heaters about 
product lines leading to the GC and to the sulfur 
condenser were started. The gas chromatograph base- 
line on the recorder was readjusted by manipulating 
the zero setting on the Beckman programmer panel. 
Then, the base-line for the digital integrator was 
adjusted separately by manipulating the zero knob on 
the Infotronic digital integrator. During the gas 
chromatograph base-line adjustment, the attenuation 
ratio was set at the maximum sensitivity, i.e. at 
the minimum attenuation eatwer on both the gas chrom- 
atograph and the recorder. The base-line adjustment 
could be checked visually on the recorder reading as 
well as numerically on the integrator printout. 

Having finished the checking of the system 
behavior and readjusting the base lines.of the GC and 
the integrator as needed, the feed mixture was into- 
duced to the reaction system. To obtain desired flow 
rates and composition of the feed mixture, all the 


individual rotameters and the feed control valve were 
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adjusted to the proper level. After getting the 
results of the feed GC analysis, the component flow 
rates and the total flow rate of the feed stream 
were readjusted by manipulating the rotameters and 
the feed control valve until the desired composition 
and the flow rate were obtained. The total flow rate 
and the pressure of the feed stream were checked and 
readjusted by means of the differential pressure cell 
and the feed pressure transducer as described in 
Chapter IV. 

To prevent disturbances in the analytical 
system which might occur due to the change of sample 
selection between the product and the feed stream, 
the same flow rate of the feed or the product stream 
through the GC detector was maintained by keeping 
the differential pressure constant on the mercury 
manometer which was installed in the sample vent line 
from the GC detector. Throughout this experimental 
work the differential pressure of this sample vent 
line has been kept at about 1 inch of mercury for 
both the feed and the product sample vent. 

When the reactant mixture was fed into the 
reactor, the temperature of the catalyst bed in- 
creased quickly due to the exothermic nature of the 


reaction between H,S and SsO.. As a result, to 
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maintain a constant temperature in the catalyst bed 


the input current to the reactor wall heating element 
had to be readjusted. 

After the reactor outlet temperature became 
stabilized, the feed and the product stream were 
alternately analysed by the gas chromatograph until 
more than three consecutive reproducible results for 
both streams were obtained. If the feed and the 
product compositions had remained unchanged, it was 
assumed that the reaction system had reached a steady 
state with a steady catalyst activity. Generally, 
when a new catalyst was introduced, a startup time 
of roughly one day was required because of the activ- 
ation period required. In making consecutive runs 
in which temperature of the reactor or space velocity 
were changed, a new steady state could be obtained 
within roughly 2 days for the reactor temperature 
change and 3 hours for the change of the space vel- 
ocity. 

The experimental data thus obtained included 
the reactor inlet and outlet temperatures, and feed 
and reactor pressure, the feed flow rate, the atmos- 
pheric pressure, the room temperature and the GC area 


results by the digital integrator printouts. 
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5.1.3 Shutdown Procedure: 


The reactant flows with the exception of 
nitrogen were stopped when a complete set of runs 
for one type of a catalyst was obtained. The nitro- 
gen was kept flowing through the system for more 
than 5 hours to completely purge remaining reactants 
and products which might undergo additional reaction 
while standing within the closed system for prolonged 
periods. After complete purging, which could be 


checked by the H,S smell in the product vent line, 


2 
all power supplied to the system was switched off to 
cool the system to room temperature. 

Before another new fresh catalyst batch 
could be charged, the reactor assembly was disconnect- 
ed from the system. The batch of the used catalyst 
was carefully discharged from the reactor and examined 


for any changes during the reaction period before 


being stored. 


5.1.4 Materials: 
i) Feed Gases 


All gaseous reactants, HS, SO, and COS were 


obtained from Matheson Co. Nitrogen was obtained from 


Alberta Oxygen Ltd. Carbon dioxide was used for the 
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gas chromatograph calibration and was also obtained 
from the Matheson Co. The purities specified by the 


Suppliers are listed in Table 5. 


TABLE 5 


PURITIES OF GASES 


No 99.99 % min. 
HS 59.50 4 min. 
Cos 97.50, 27min. 
SO. 99.98 % min. 
Co 99.995 5 min. 


2 


However, the oxygen contamination in the 
nitrogen cylinder was frequently detected and so, 
every nitrogen cylinder newly delivered was always 
checked for oxygen content using Molecular Sieve 5A 
column of 16 foot by 1/4 inch O.D. preconditioned in 
vacuum at 250°C for 20 hours. The thermal conductivity 
cell was kept at 220°C and the bridge current was 
150 mA. The column temperature was kept at 135°C with 
the helium flow rate of 80 ml/min. The purity of HS 


or SO. was checked from the feed GC analysis data. 


2 
The resulting feed GC data never showed peaks other 


than No, hoo Or sO. peak, which meant that no detect- 


2 


able amount of impurities existed in the HS or SO. 


cylinder. In the COS cylinder carbon dioxide was 
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always detected in very low concentration, but water 
vapor was not detected. Since carbon dioxide can be 
treated as an inert gas, which was demonstrated in 
Chapter III, the COS cylinder was used without any 


further purification of COS. 


cee Catalysts 


The standard catalyst employed in this study 
for the purpose of comparison between different cat- 
alysts was S-201 y-alumina manufactured by Kaiser 
Aluminum and Chemical Sales Inc. The properties of 
the S-201 catalyst specified by the manufacturer are 


presented in Table 6. 
TABLE 6 


STANDARD CATALYST PROPERTIES (S-201) 


Surface area: 380 m*/gm 


Chemical composition on dry basis: 


Sio. -a.0..020 5 
Fe,0, ) 020 3% 
TiO. 0.002 % 
Na,0, 0.300 
A1,0, 93.600 & 


Ignition loss 6.000 &% 
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The developed bifunctional catalyst evaluated 


in the present study were prepared by crushing Kaiser 
S-201 alumina catalyst in the size range of -3 to +8 
mesh and selecting the -12 to +24 mesh fraction 
through the use of standard sieves. This was follow- 
ed by chemical treatment with various concentrations 
3)2 yes H,0 before heat treatment in an oven 
for 20 hours at a temperature of 550°F. Heat treat- 


of Cu(NO 


ment resulted in the evolution of oxides of nitrogen 


(z097% 


Data Reduction Procedure: 


The experimental measurements of temperatures, 

pressures and flow rates were obtained in terms of 
the percentage of full scale readings on the elec- 
tronic recorder except for those of the atmospheric 
pressure and room temperature. The reactor inlet 
and outlet temperature data were converted to the 
actual temperature scale in degree centigrade using 
the calibration equation presented in Appendix B. 
The pressure data were converted to absolute pressure 
in mm Hg for the feed, and to gauge pressure in mm Hg 
for the reactor pressure according to the calibration 
equations presented in Appendix B. The feed flow 


rate data were converted to the actual flow rate in 
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SCFH by means of the calibration equation for the 
differential pressure cell obtained through the 
procedure described in Appendix B. 

The feed and product compositions were calcul- 
ated from the gas chromatographic peak areas using 
the calibration equation for each component as des- 
cribed in Appendix A. To calculate the molar feed 
rate of each feed component from the calculated feed 
composition and flow rate, the assumption of ideal 
gas behavior was applied for all gaseous components. 
In calculating the product stream composition, the 
nitrogen flow rate was taken to be the same in both 
the feed and the product streams since nitrogen was 
an inert gas in this reaction system. From the cal- 
culated nitrogen flow rate and the composition of 
the product stream, the molar flow rate of each of 
the reactants in the product stream was obtained. 

The fractional conversion was then obtained 
from the difference peessasatig molar flow rate of 
a reference reactant in the feed and the product 
Stream. As a reference reactant, HS was chosen for 
the H,S-SO, reaction, and COS for the COS-SO. re- 
action. 

The partial pressure of each component over 


the catalyst bed in the reactor was calculated from 
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the product composition and the total pressure in 
the reactor, taking into account equilibrium dis- 
tribution of elemental sulfur species. 

A computer program for calculation of the 
material balance was written to process the exper- 
imental raw data into the calculated conversion of 
H,S and COS simultaneously. The detailed calculation 
procedure for a particular run is shown in Appendix I, 
accompanied by the listings of the corresponding 
computer program, MTBAL, which was stored in the disc 
core memory. | 

Input of the raw data to the IBM 1800 computer 
system and output from the computer in the form of 


printing of the computed results were performed on 


the remote teletype located in the laboratory. 


Experimental Results and Discussions: 


BS rb ekl Preliminary Investigations: 


i) Performance Test of the Sulfur Trap 


To check whether significant additional re- 
action due to the catalysing effect of the liquid 
sulfur occurred during the condensing within the 


trap of sulfur. vapor in the product stream, two 
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different methods were tested. 

The first method used an ice-bath. The U- 
shaped sulfur trap was immersed in a cold bath fil- 
led with ice-salt mixture to maintain a constant 
bath temperature of -20°C. When the product stream 
was introduced through the sulfur trap, both sulfur 
and water vapors were condensed into the solid 
phase new he entrance of the sulfur trap. This 
resulted in frequent plugging of the line, which 
necessitated frequent cleaning of the sulfur trap. 

In the second method, a high flow-rate method, 
the U-shaped sulfur trap was kept just above the 
water vapor condensing temperature, around 20 to 30°C 
depending upon the water content in the product 
stream. In this method, only sulfur vapor was con- 
densed in the trap. 

In these tests the feed to the reactor con- 
tained 3 percent of H5S, Lio. percent (OL SO. and the 


balance N., on the molar basis, and the temperature 


Pe 
of the product stream at the inlet to the sulfur 
trap was around 500°K. The tests were carried out 
over flow-rates of the product stream through the 
BUbLor trap eranging strom):20° to 500 mi/min. 


Figure 20 shows the comparison between the 


performances of the two methods. For the high 
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FRACTIONAL CONVERSION OF H5S TO SO. 


100 


FIGURE 20: 


o High Flow Rate Method 


A lce Bath Method (~20°C) 
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SULFUR TRAP PERFORMANCE TEST 
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flow-rate method the effect of the additional reaction 
due to the catalysing effect of the condensed liquid 
sulfur appeared to be significant at a flow rate below 
30 ml/min of the product stream as shown in curve B. 
In the ice-bath method the high conversion level of 
H,S at the low flow-rate range of below 50 ml/min, as 
shown in curve A, seemed not to be the results of any 
additional reaction but to be the result of physical 
OC ecanuiee of HS in condensed water during the con- 
densing period of water vapor. To check the effect 

of physical absorption of HS in liquid water the 
sulfur trap was kept at a temperature below the sat- 
uration temperature of water vapor. The resulting 
data showed that the H 


S and SO, peaks in the product 


2 2 


stream decreased. Sometimes HOS peaks completely dis- 


appeared from the product stream. The physical absorp- 


tion effect was much more significant for HS peaks 
than for SO, peaks under the same condition. 

In the high flow-rate method, because of the 
smaller temperature gradient between the wall of the 
sulfur trap and the product stream compared to the 
ice-bath method, the condensing rate of sulfur vapor 
might be supposed to be slower and the condensing zone 
in the trap to be longer than those in the ice-bath 
method. In spite of these phenomena, the resulting 


data shown in Figure 20 revealed that the high 
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flow-rate method at room temperature gave lower con- 
version of HS than the ice-bath method. It should 
be noted here that the lower the conversion of HAS 


which was obtained during a steady-state run, the 


better the performance of the sulfur trap. 


As a result, no convincing advantage is 
apparent for using the ice-bath method when the flow- 
rate of the product stream exceeds 100 ml/min. The 
disadvantage of the ice-bath method, therefore, was 
found to be the difficulty of eliminating the H,S ab- 
sorption in condensed water while that of the high 
flow-rate method was the entrainment of sulfur mist 
downstream from the sulfur trap. 

By considering these performance test results 
and disadvantages of each method, it was decided that 
the high flow-rate method would be employed for this 
research but with a modification of the sulfur trap. 
The modification was done by packing a dust filter, 
made of styrene foam, right near the outlet of the 
sulfur trap to provide sulfur demisting. A flow-rate 
of 200 ml/min through the sulfur trap was employed 


throughout this study. 


ii) Homogeneous Reaction Test in the Preheater 


The effect of homogeneous reaction between 
HS and SO, in the preheater was checked before making 


kinetic runs. When the flow rate of the feed mixture 
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was above 2.0 SCFH, the effect of homogeneous reaction 
in the preheater at 600°K was found to be negligible. 
However, when the preheater was contaminated with the 
product liquid sulfur, the effect of homogeneous re- 
action was quite significant. This sulfur contamin- 
ation occurred due to condensation and accumulation 
of the product sulfur in the preheater when the pre- 
heater was not completely purged out before shut-down 
of the heating system after each run. 

Considering the above preliminary investiga- 
tions the preheater was completely purged out using 


pure nitrogen for more than 5 hours after each kin- 


etic run to prévent any possible condensation or accum- 


ulation of the product sulfur due to the slow homogen- 
eous reaction in the preheater. Since the effect of 
the homogeneous reaction was found to be significant 
when the feed flow rate was below 2.0 SCFH, the feed 
flow rate above 2.0 SCFH was adopted throughout this 
study except for runs K and L for the test of the 
maximum obtainable conversion level of the Claus re- 


action. 


iii) Calibration of the Gas Chromatograph 


The gas chromatograph was calibrated according 


to the procedures presented in Appendix A. 
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The first calibration, whose results were 
shown in Figure 21, was based upon the no-individual 
attenuation scheme in which only one general purpose 
attenuator (chromatograph attenuator) was used. In 
this calibration, the reliabilities of the digital 
integrator and the computer were examined by comparing 
their results with that of the disc integrator which 
could be supposed to be the most correct. In Figure 
22, the integrated results from the digital integrator 
and the disc integrator shows good consistency while 
those Gotained by the computer are very much scattered. 
This scattering may be attributed to an improper input 
signal to the computer system without any attenuation 
of the output signal from the GC detector since the 
attenuation scheme II has been employed throughout 
the first calibration procedure. The results from the 
digital integrator in the first calibration were 
applied in data reduction calculation for suns A, Ba C;, 
Dy .E and J. 

A second calibration was carried out as above 
but using different attenuation ratios for the N,-peak 
and other peaks. Since the digital integrator perform- 
ance proved to be quite reliable in the first calibra- 
tions the disc integrator was not used to check the 
accuracy of the second calibration. The attenuation 


scheme III was employed for this calibration. The | 
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FIGURE 21: FIRST CALIBRATION OF GAS CHROMATOGRAPH 
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FIGURE 22: PERFORMANCE COMPARISON OF DIFFERENT 
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results in Figure 23 show a very good consistency 
between the digital integrator and the computer. The 
second calibration results by the digital integrator 
was used in data reduction calculation for runs F, G, 
H} 17 *he ana i 

Reproducibility of the computer and the dig- 
ital integrator has been compared for a calibration 


run in Table 7. 
TABLE 7 


COMPARISON OF REPRODUCIBILITY 


Digital. Integrator Computer 


Peak . Ave. Area Avg. % Avg. Area Avg. % 
Deviation Deviation 

198768 °0.0039845 5319610 0.0042479 
HS 73196 0.0054839 1939811 0.0079665 
Cos 97239 0.0034246 2587350 0.0041820 
sO, 18646 0.0375630 456142 0.0126670 


In the above comparison the calculation option 
2 was employed in GCJOB definition because the cal- 
culation option 7 required a detailed elution time 
data for each peak. These were not conveniently 


available because the status of the equipment at the 
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Oo COS-N. 


Calibration 
Calibration 


Computers: 


x For-all. Calibrations 


FIGURE 23: SECOND CALIBRATION OF GAS 
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time of this study was still not fixed. Detailed 
descriptions on the calculation option can be found 
elsewhere (110). 

Table 7 shows that reproducibility of the 
digital integrator is better than the computer for 


No, H,S and COS peaks but worse for the SO. peak. 


4 
The less reproducible result for the SO, peak of the 
digital integrator seemed to be due to base line 
readjustment to correct drifting during the experi- 


mental run. The SO, peak is very sensitive to the 


2 
base line adjustment due to its flat Gaussian shape 
and a long elution time. However, the need for SO, 
peak areas could be eliminated by using areas of 
other components in the sulfur balance calculation 
‘ae the reaction system. Thus, it was decided to use 
the digital integrator rather than the computer. The 
lower reproducibility in the computer results seemed 
to originate with the interfering effect of signal 
transmission noises along the electrical circuits 
leading to the computer input terminal, and also to 
the absence of detailed information on the elution 
time of each peak. This missing information prevented 
the cer from starting action at the right instants 
during the GC cycle. 

The integrated results from the digital inte- 


grator or from the computer were printed on a Victor 
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digit-matic printer, or on a teletype, respectively, 


at the end of each peak. 


SS ae Comparison of Catalyst Activities 


i) Effect of Catalyst Promoter Upon Simultaneous 


Reactions 


Simultaneous conversions of both the H,S-SO. 


and the COS-SO., reactions on four catalysts were 


2 
measured in the integral-bed reactor to evaluate the 
dual activities of each catalyst. The catalysts tested 
included pure y-alumina (S-201), 5.4 % Cu-on-alumina, 
12.08 % Cu-on-alumina, and 16.07 % Cu-on-alumina. The 
weight of a batch of catalyst approximated 1.0 gram 
in the particle size range of -12 to +24 mesh. Each 
catalyst was preconditioned in the same way using the 
procedure described in the general experimental pro- 
cedure of section 5.1. Before starting to obtain kin- 
etic data, this procedure included an initial heating 
period with nitrogen flow for about 3 hours, then 
maintaining the bed with nitrogen flow at the temper- 
ature of 290°C for a further 3 hours, finally followed 
by the reduction period with combined Ny and HS flow 
for another 3 hours. 

The feed mixture was usually composed of 3 


mole percent of both H.S and COS, 1.5 mole percent of 
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SO., and the balance, N Keeping the feed composition 


2° 
and reactor inlet and outlet temperatures constant, 
only the feed flow rate was changed to get conversion- 
Space velocity data for each catalyst. After obtain- 
ing one data point at a fixed space velocity, it took 
about 3 hours to reach a new steady state at a dif- 
ferent space velocity. 

Here it should be noted that the size of 
catalyst particles used in this study averaged around 
5 times smaller than that for catalyst pellets used 
in the field plant, making the external surface per 
unit catalyst volume also about 5 times larger than 
that of the plant catalyst pellet. To compensate for 
this increased extdfnal surface area per unit volume 
of the catalyst bed, a space velocity of 5000 hr? 
would be expected to be reasonable to simulate the 
field plant space velocity of 1000 hea However, 
upon éonsidering the external transport resistances 
existing at a space velocity of 1000 hr} as shown in 
Chapter III, a higher space velocity appears to be 
desirable in comparing the catalytic activities of 


different catalysts since the true activities might be 


disguised by the effect of the external resistances. 


Furthermore, a better discrimination between activities 


of different catalysts may be obtained at higher space 
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velocity region as may be seen in Figure 24. Therefore, 


4 
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FRACTIONAL CONVERSION OF H5s OR COS 


Bose i 
Z ag lee @-=-= COS Conversion 


y-alumina @® y-alumina 

5.4% Cu-on-alumina 4 5.4% Cu-on-alumina 
12.98% Cu-on-alumina @ 12.08% Cu-on-alumina 
16.07% Cu-on-alumina 


v 16.07% Cu-on-alumina 





4 6 8 10 12 14 16 18 


SPACE TIME, GM CATALYST/SCFH OF HS OR COS 


FIGURE 24: SIMULTANEOUS CONVERSIONS USING DIFFERENT 
CATALYSTS 
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a space velocity ranging from 25,000 hr} to, 230,000 
hr was used throughout this study, which averages 
about 17 times larger than the plant operational 
condition. 

For each experimental run, the space time, 
W/F 


(or W/F ), was calculated and plotted versus 


H,S COS 
the fractional conversion of H,S (or COS) as shown 
in Figure 24. The computer program "MTBAL" presented 
in Appendix I was used in these calculations and data 
processing was initiated through the input terminal 
(teletype) connected to the IBM 1800 computer system. 
The conversion of H5S and COS in the simult- 
aneous reaction system, HS-SO, and COS-SO., is shown 
in Figure 24 for each catalyst tested. It can be 
oe that Ae Che eer ate is most active for the 
H,S-SO, 


active for the COS-SO., reaction. Figure 25 has been 


plotted from Figure 24 at fixed space-times of 8.0 


reaction while pure y-alumina (S-201) is most 


and 14.0 (gm-catalyst/SCFH of H,S or COS) to isolate 


2 
the effect of copper content on the conversion level 


of both H.S-SO. and COS-SO. reactions. It shows that 


2 Zz 2 
the maximum catalytic activity for the H,S-SO, reaction 
appears to be at a copper content of around 5%. Figure 
25 also shows that the addition of copper markedly re- 


duces the catalytic activity for the COS-SO., reaction. 


A clear explanation for this effect of copper content 
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upon the catalytic activity for the two reactions is 
not available at this stage of the study. However, 

One may conjecture that the role of copper in the 
bifunctional catalyst may be explained by the 

donation of its 4s-electron to an electrophilic Lewis- 
acid site on the alumina surface. Furthermore, since 
the energy level of 3d-orbital is only slightly lower 
than ane ea of 4s-orbital in a copper atom, a 3d-electron 
of the copper atom may easily be attracted to H,S or 


SO, molecules promoting the adsorption of HS or SO, 


2 
on the copper surface. Then copper on the Lewis-acid 
site is presumably sulfided by HS and SO, to form Cus 
(which was recognized by the color change of the cat- 
alyst particles from deep blue to black). When the 
copper surface is sulfided, the catalytic activity 
becomes stabilized and reaction conversion steadies. 
This additional catalytic effect by the sulfided cop- 
per for H,S-SO, reaction enhances the H,S conversion 
level to some extent as shown in Figure 25 ata 
copper content below 5.4%. Up to 5.4% copper content, 
most of the copper may be sited on the Lewis-acid site 
as an electron donor, but when the copper content ex- 
ceeds about 5.4%, the basic sites may also be occupied 
by copper, but now as an electron acceptor. This 


could inhibit the H.S-SO., reaction since Liu(67) has 


2 2 


shown basic sites to be necessary for the reaction to 
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proceed. 

The above hypothesis may be strengthened by 
considering the effect of the copper content on the 
COS-SO., reaction conversions. As the copper content 
increases for COS-SO,, reaction, the activity of the 
alumina catalyst decreases almost linearly up to 
roughly the same copper content of 5.4%. Then the 
activity becomes almost stabilized with increasingly 
larger copper contents up to a copper content of 
approximately 12% as shown in Figure 25. When the 
copper content exceeds 12%, the activity decreases 
again with the increasing copper content. From the 
above observations it may be assumed that excess copper 
could be sited on both the remaining Lewis-acid sites 
and basic sites when the copper content exceeds 12%. 

To explain the above observations, the adsorp- 
tion and reaction mechanism of HS, SO, and COS on the 
pure y-alumina surface as well as on the Cu-on-alumina 
catalyst surface should be discussed. 

On the pure y-alumina surface, both HS and 
sO, were found to be adsorbed on the Lewis-acid sites 
in the latest resultsiofgliu's studye (66).«: “For ithe 


adsorbed H.S and SO. to react, basic sites were vitally 


2 2 
important (67). Carbonyl sulfide was also found to be 
adsorbed on the Lewis-acid sites (19). Therefore, the 


Lewis-acid sites on the pure y-alumina surface may be 
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competed by HS, SO, and COS making two reactions, 


2 
H,S-SO, and COS-SO,, competitive rather than independ- 
ent. From the above reasoning the pure y-alumina 
may not be considered to be a bifunctional catalyst 
for the above two reactions. However, the individual 
reaction conversion is substantially high for both of 
the reactions as shown in Figure 24. This may be due 
to the low Petes of Lewis-acid sites by reaction 
components at the reaction temperature of about 285°C. 
A COS adsorption mechanism on the alumina sur- 
face may be proposed on the basis of the balance bond 


formalism. Carbonyl sulfide is a hybrid of three 


resonance structures (32) as shown below: 


+6 


2) See Oeics ies” ze = 


Sire es > 


(I) (IT) PEEL) 


Although resonance structure I and II predominate (32), 
resonance structure III, in-which oxygen has a residual 
negative charge, is probably more favored to the Lewis- 
acid site than the other structures because the oxygen 
atom is more electronegative than the sulfur atom. 
Since carbonyl sulfide may be considered a 
stronger base than HS or SO,, it should be chemisorbed 
on the Lewis-acid site on the alumina surface, which 
has already been demonstrated by Liu (65). Chuang et 


al. (19) proposed a mechanism in which COS was adsorbed 


ee. 
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on the Lewis-acid site with the sulfur atom on the 
alumina surface but it is more likely that the adsorp- 
tion of COS on the Lewis-acid site is also a hybrid 

of the two mechanisms; the sulfur atom on the Lewis- 
acid site or the oxygen atom on the Lewis acid site. 
When COS adsorption occurs according to the former 
mechanism, chemisorbed COS on the Lewis-acid site 

could readily react with a chemisorbed SO, or H,0 on 

a neighboring Lewis-acid site by a Langmuir-Hinshelwood 
dual-site mechanism and leave an adsorbed sulfur atom 
on the alumina surface. On the other hand if COS 
adsorption occurs according to the Latter mechanism, 
reversible adsorption of COS may occur without reaction 
_with neighboring SO. 
From the above analysis, an adsorption and 


reaction model may be proposed as follows: 
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On the Cu-on-alumina catalyst, the mechanism 
of COS-SO, reaction may be the same as on the pure 
Y-alumina, but most of the H,S-SO. reaction may 
occur on the copper surface rather than on the alumina 
surface. Increasing the copper content affects both 
of the reactions as may be seen in Figure 25. Blocking 
of the Lewis-acid sites with copper atoms may reduce 
the number of adsorption sites for COS causing the 
activity to decrease for the COS-SO, reaction because 
Lewis-acid sites are critically important for this 
reaction. Therefore, the inhibiting effect of copper 
on the COS conversion level may be explained by the 
blocking of the Lewis-acid sites with copper even if 


the COS-SO. reaction could be bypassed by the faster 


2 


COS-H.,O reaction. The hydrolysis reaction of COS will 


2 


be discussed in more detail in a later section. 
On the other hand, adsorption and reaction 


of H.S and SO 


2 > may be enhanced by the sulfided copper 
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on the Cu-on-alumina catalyst. Therefore, the reaction 


conversion increases when the copper content increases 
to some extent, beyond which copper may occupy basic 
sites to suppress the reaction rate as shown in 
Figure 25. 

Therefore, it may be concluded, for the 
Cu-on-alumina catalyst, that the H,S-SO., reaction may 


proceed largely on the sulfided copper surface rather 
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than on the Lewis-acid sites of the alumina surface, 


while the COS-SO., reaction proceeds on the Lewis-acid 


2 
Sites according to the same mechanism as on the 
y-alumina catalyst; the Cu-on-alumina acts as a bi- 
functional catalyst for two reactions, H,S-SO, and 
COS-SO., which may be confirmed by the data in 

Figure 28. 

Unfortunately, however, the reason why sul- 
fided copper could promote the rate of H,S-SO, re- 
action is not fully understood in this study. Pre- 
amably it may be due to the change of the electronic 
configuration of copper making the accessibility of 
H.S and SO, easier. 


2 2 


‘ii) Comparison of Individual Reaction Rates 


During Simultaneous Reactions 


Individual reaction rates were compared for 
one selected catalyst, 5.4% Cu-on-alumina, by varying 
the space velocity. When water was introduced with 
the feed stream, distilled water was injected through 
the vaporizing coil by means of the water injection 
pump shown in Figure 19. The water injection pump 
was precalibrated through the procedure described in 
Appendix B. All of the other experimental procedures 
were identical to those described in (i), and the 


experimental results are shown in Figure 26. 
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— HS Conversion Conversion 


i) H5s tECOS tuS0 +9C0Sat080 
oO H5S + SO 





2 
H,0 

+ H50 oe0 = 8, 
SO 


2 


6 «8 10 12 14 16 18 


SPACE TIME, GM CATALYST/SCFH OF H,S OR COS 


FIGURE 26: 


COMPARISON OF INDIVIDUAL REACTION RATE 
ON 5.4% CU-ON-ALUMINA CATALYST 
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A slight difference in the level of the HS 
conversion may be seen between curves A and E in 
Figure 26. This small difference in the conversions 
may be explained by the effect of the difference of 
the heat of reaction between the two reaction systems. 
In the reaction system E, the total heat of reaction 
is slightly larger than that for the reaction system 
A due to the combined Bhesct of both exothermic 


reactions, H,S-SO, and COS-SO The resulting 


2° 
Slightly higher bed temperature may cause a higher 
conversion of HS. If the above reasoning correctly 
explains the observed phenomena, a bifunctional activ- 
ity of this catalyst for both H,S-SO, and COS-SO, 
reactions is quite evident. This combined heat of 
reaction effect can also be seen in the reaction 
systems C and E'. A slightly higher conversion in 

the reactions system E' can be explained by its 
combined heats of reaction being larger than that 
from the reaction system C. 

From curves B and E' it may be concluded that 
the hydrolysis reaction of COS is inhibited by the 
presence of SO., which means that SO, competes with 
H,O for adsorption sites on the alumina surface. 


That is, H.O for SO.) adsorbed on the Lewis-acid 


2 
Sites reacts with COS adsorbed on the neighboring 


Lewis-acid sites. 
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The conversion in the reaction system D in- 
dicates that no CO.-poisoning occurs in 5.4% Cu-on- 
alumina catalyst during COS-SO. reaction period, 


which is in contrast to the findings by Liu (65) 


for pure y-alumina in the absence of water vapor. The 


reason for this contrast is not yet evident but it 


may be due to the residual amount of water vapor pre- 


sumably present on the catalyst or to an independent 
catalytic role of copper for the COS-SO,, reaction. 
The effect of water content in the feed 
stream upon the rate of COS hydrolysis has been in- 
vestigated using pure y-alumina catalyst and the 
results are shown in Figure 27. When the water con- 
tent becomes higher than 1.5 mole percent of the 
feed stream, which is one-half the stoichiometric 
amount for 3.0 mole percent of COS content in the 
feed, the hydrolysis reaction appears to be zero 
order with respect to water. On the other hand, 
when the water content remains below one-half the 
stoichiometric amount, the reaction rate increases 
as the water content increases. For stoichiometric 
amount of water content, the results in this. study 
agree with other investigations (37,79) reporting 
that the hydrolysis of COS is of zero order with 
respect to water concentration for both y-alumina 


and Co-Mo-alumina catalysts. However, no published 
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data seems to be available for low concentrations 


of water in the feed. 


5.3.3 Performance Test on the Bifunctional Activity: 


To demonstrate more clearly the bifunctional 
characteristics of the catalyst for the simultaneous 


reactions, H,S-SO., and COS-SO a 12.08% Cu-on- 


2 - A 


alumina catalyst was used. While this composition 


is not an "optimal" composition for the bifunctional 


catalyst, reference to Figure 25 shows that the result 


will still apply to the "optimal" composition of 
about 5.4% Cu. 

The amount of catalyst tested was 1.0213 gm 
with a space time of around 6.0 gm-catalyst per SCFH 


of H.S (or COS). The observed results are shown in 


2 
Figure 28. The conversion levels A and AA represent 


the conversion of HS and COS respectively when the 


2 
feed mixture contains HS, SO, and COS in 68:3:1.5 


mole percent with the balance N Then, the COS feed 


3° 
line was cut off and the conversion level Bl was 
obtained for the single reaction between HS and SO,. 


After measuring the conversion level Bl for about 


one hour, the H,S feed line was closed and then the 


COS feed line was opened to make the COS-SO, reaction 


proceed without being interrupted by H,S-SO. reaction. 
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The resulting conversion level of Cl was obtained. 

The conversion levels B2 and C2 were then obtained 

through the same procedure as was done to obtain Bl 
and Cl. 


The conversion levels of HS in A, Bl and B2 


2 
in Figure 28 are nearly the same, which means that 
the catalyst tested essentially acts as a befunction- 
al catalyst without interaction from the other reac- 
tion. The small difference in the conversion level 
between the reaction system A and Bl (or B2) since 
the combined heat of reaction in the reaction A is 
slightly higher that that in the reaction Bl (or B2) 
which may cause a slightly higher reaction rate. The 
same analysis may be applied to the conversion level 


2 


reaction, confirming the bifunctional characteristics 


AA and Cl (or C2), for COS conversion in the COS-SO 
of this catalyst. 


5.3.4 Maximum Obtainable Conversion Level: 


Pure y-alumina (S-201) was chosen to invest- 
eave the maximum obtainable conversion level for 
comparison with the theoretical thermodynamic 
equilibrium conversion level. The feed mixture con- 
sisted of 3 mole percent of HS, 1.5 mole percent of 
SO 


and the balance, N The amount of the catalyst 


2 rs 
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charged was 35 gram packed in a bed depth of roughly 
6 inches. The feed temperature to the catalyst bed 
and the reactor outlet temperature were kept the same 


and varied from 550°K up to 700°K. 


Before examining the conversion data as a 
function of the reactor outlet temperature, the 
relationship between conversion and the space velocity 
was examined at a fixed reactor outlet temperature of 
700°K. From the results shown in Figure 29, it can 
be seen that in the region below the space velocity 
of.20 hr (or above the space time of 0.05 hour) the 
conversion has almost leveled off but is still rising 
slowly with decreasing space velocity (or increasing 
Space-time). The asymptotic experimental conversion 
level may be found to be 89.5% at 700°K in Figure 29, 
while the thermodynamic equilibrium conversion is 
TP eke, 

In additional experimental runs, the space 
velocities of 100 hr t and 4 hr + were fixed to 
examine the upper limit of the obtainable conversion 
level in the Claus reaction. The resulting experi- 
mental data are plotted in Figure 30 where they may 
be compared with the computed thermodynamic equil- 
ibrium conversions by Gamson and Elkins (35), and 


McGregor (72) as well as with the experimental data 
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by Gamson and Elkins (35). 

In Figure 30 curve C represents the thermo- 
dynamic equilibrium conversion at different reaction 
temperatures computed on the assumption that the pro- 
duct sulfur exists only as Ser while curve B shows 
the computed results based upon the product sulfur 
in the form of S,. On the other hand, with an 


6 


equilibrium distribution between S S, and S, species 


7) aly» 8 
the equilibrium conversion curve A was predicted. 

In these experimental runs it required more 
than 24 hours to reach a steady-state conversion 
level. It was found that the smaller the space vel- 
ocity the longer the time to reach a steady state. 

In. Figure 30 the data point (1) was obtained after 

24 hours while the data point (2) was obtained after 
72 hours since the flow condition and the reactor 
temperature had been stabilized. The two data points 
show essentially the same conversion indicating that 
the steady-state condition had been reached in about 
24 hours. 

Gieetnpinectad but very interesting results 
were obtained in this experimental run as may be seen 
in Figure 30. The experimental conversion level at 
the space velocity of 100 hr! is well above the 


equilibrium conversion level for all the temperature 
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range between 550° and 700°K. The overshooting of 
the experimental conversions beyond those for the 
equilibrium curve is even higher in the case of 


af 


the space velocity of 4 hr ~ than in 100 hr, These 


results are compared with those Gamson and Elkins 
(35) obtained at a space velocity of 240 HE bs 

This large discrepancy between the experimen- 
tal and theoretical equilibrium conversions cannot 
be fully explained at this stage. However, the 
following suggestions might be pertinent. 

First, possible inaccuracies in temperature 
measurement may eeeeit a misplotting of the data 
points above the equilibrium conversion curve. 
However, this possibility is very small considering 
the well-equipped experimental apparatus and measur- 
ing devices uséed in this study in contrast with the 
rather large discrepancies between the experimental 
and the equilibrium conversion level. Actually it 
may be seen in Figure 30 that an incorrect measure- 
ment of the reactor outlet temperature of 50°K higher 
than the true temperature, is required in shifting 
the equilibrium curve to the experimental curve for 
the space velocity of 100 hrt, Furthermore, for 


the space velocity of 4 hrf, a temperature deviation 


larger than 80°K is needed to shift the equilibrium 
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curve to the experimental one. These large deviations 
in temperature measurement are quite improbable even 
after considering the effect of radiative heat trans- 
fer from the reactor wall to the thermocouple. 
Secondly, the higher experimental conversion 
could imply that a shift of the theoretical equili- 
brium conversion to the forward direction of the 
reaction (1.2) is occurring. This shift could result 
from a lower sulfur partial pressure on the surface 
of the catalyst pores than that in the bulk gas 
stream. This lower partial pressure of the sulfur 
vapor on the catalyst surface might be caused by 
polymerization of the product sulfur on the catalyst 
surface forming new species with longer chains like 


S S and so on. This polymerization 


Pro’ =50" F100 
phenomena on the alumina surface, while speculative, 
might be one of the characteristic properties of sul- 
fur species distribution. In such circumstances, 
additional reaction beyond the expected equilibrium 
conversion for the condition of the bulk gas stream 
could occur within the pore. 

| Thirdly, the experimental conversion level 
could be higher than the equilibrium conversion level 


if the data were taken before the reaction system 


reached a steady-state. This seems to be due to the 
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non-equilibrated adsorption and desorption of sulfur 
species in the catalyst pore (55) before the partial 
pressure of sulfur vapor could reach a saturation 
point which could result in capillary condensation. 

Another possibility, but one which seems to 
be improbable, is that the thermodynamic data used 
in the calculation of the sulfur species equilibrium 
distribution are incorrect. 

It should be emphasized here that Figure 30 
shows that the conversion level decreases as the 
temperature increases, which means that reverse re- 
action in the H,S-SO, reaction is occurring. Unfor- 
tunately, however, this reverse reaction has not been 
isolated for study to date. With the type of the 
equipment used in this report, it was not possible 


to evaluate more clearly the influence of the 


reverse reaction. 
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CHAPTER VI 


CONCLUSIONS AND RECOMMENDATIONS 


Performance of Equipment 


The Seen EAL apparatus used in this study 
encountered difficulties for the first few months, but 
after various repairs it functioned fairly well in most 
respects. Feed and reactor pressure controls, total 
feed flow-rate control, and temperature control of the 
preheater operated satisfactorily. Residual problems 
still existed in the feed composition control, GC analy- 
sis system and reactor temperature control. The feed 
composition fluctuated severely with an average devia- 
tion of +3% due to malfunctioning of the gas cylinder 
pressure regulator and the flow controller. 

| In the GC analysis system, base-line adjustment 
within the Infotronic digital integrator was difficult. 
Because the SO,-peak area waS very sensitive to these 
base-line changes, considerable error in the GC analysis 
for this component resulted. Therefore, consistency 


between conversions based upon H,S (or COS) and those 


2 
upon SO, could not be expected. 
The manual control scheme for the reactor inlet 


and out temperatures was inconvenient and inaccurate with 


a: control error of around i3°K. 
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To obtain more precise control of the reactor 
pressure, an absolute pressure transducer should be 
used instead of the gauge pressure transducer used in 
this study. 

After initiating some improvements, GC monitoring 
by the computer was found to be consistent with results 
from both the digital integrator and a disc integrator. 
Thus, development of an on-line data processing system 
becomes possible after devising an automatic sample 
injection scheme to get accurate elution time data for 
each peak. In addition, a new gas Pe chad both equipped 
with a temperature programmer will be very helpful to 
shorten the cycle of each analysis, which is 12 minutes 


at present. 
Prediction of a Claus Unit Performance 


The calculation of equilibrium conversions for a 
Claus unit revealed that the reaction conversion may be 
increased or decreased by changing the inert gas content 
depending upon the temperature level. When the equili- 
brium temperature is above 900°K, the conversion level 
increases with increasing inert content, while the 
conversion level decreases with increasing inert content 
in the temperature range below 750°K. For the operating 
temperature range between 750° and 900°K, the conversion 
level of the Claus reaction depends upon both the opera- 


ting temperature and the inert content. Most Claus 
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plant furnaces or converters operate at temperatures 
outside this middle range. 

In the calculation of the adiabatic reaction 
path in the front-end burner it was assumed that the 
reaction (1.1) and (1.2) occurred consecutively and 
- reached an equilibrium condition. However, the actual 
condition in the front-end burner may not be in equili- 
brium condition. Therefore, accurate reaction kinetics 
combined with mass transfer rate in the front-end burner 
is required to understand the actual dynamic behavior 
of the reaction path. The literature suggests that the 
mixing efficiency at the entrance of the frontend burner 
should also be experimentally investigated for various 
geometrical configurations since the mass transfer rate 
depends largely upon the mixing efficiency. 

From the simulation of a Claus catalytic converter 
employing the one-dimensional two-phase model (62) and 
Liu's rate expression for reaction (1.2) for an Alon 
catalyst (66), the rate of reaction has been found to 
be sufficiently fast to proceed significantly right at 
the entrance of the catalyst bed. The maximum obtainable 
conversion may be reached within 2 feet bed-depth when 
the feed temperature is 550°K and the space velocity is 


1000 hr +, ata space velocity of 1000 hr 


and a feed 
temperature of 550°K, the external mass transfer resis- 


tance was found to be negligible compared to the 
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internal resistance, while the external heat transfer 
resistance was found to be significant compared to the 
internal resistance. On the above results, it is re- 
commended that the space velocity should be larger than 


1000 hr 


and the catalyst particle size should be less 
than 1/8 inch in diameter, which was employed for this 
Simulation, to eliminate the effect of the external and 
internal transport resistance in investigating the 
intrinsic rate expression or in evaluating the catalytic 
activity in the laboratory reactor. In using smaller 
catalyst particles, the observed rate per unit weight of 
catalysts will increase because of the larger external 
area. Also it was observed in experiments that the per- 
formance of various catalysts could be best compared at 
lower conversion levels. For this reason, a much larger 
space velocity between 25,000 and 150,000 he voaand 
smaller catalyst particle sizing -12 to +24 mesh, were 
used throughout this study. 

To extend the applicability of the reactor simu- 
lation to Alon catalysts with different physical proper- 
ties, the effectiveness factor-Thiele modulus relation- 
ship was computed. The calculated value of the effec- 
tiveness factor, 0.17, indicated that the rate of the 
Claus reaction is so fast even at such a low concentra- 
tion of the feed reactants, 6.14 percent of H,S and 3.07 
with the balance N., and H 


percent of SO O, that most 


P z 2 


of the reaction occurred in the thin shell near the 
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external surface of the catalyst particle. This result 
agrees with other observations (45, 72). 

However, for a more practical simulation of the 
Claus converter, it may be necessary to consider the 
effect of simultaneous reactions, like COS-SO, and 
COS-H.0, which possibly occur in the Claus converter. 
Here the need for knowledge of the reaction kinetics of 
such pertinent minor reactions, including the reverse 
reaction in reaction (1.2), arises. In addition, phy- 
sical properties of various kinds of catalyst particles, 
like effective diffusivity, effective thermal conducti- 
vity or pore size distributions, should be critically 
investigated to provide an improved basis for prediction 
of actual performance of a Claus converter. 
Evaluation of a Bifunctional Catalyst 

The bifunctional activity of the newly developed 
catalyst, Cu-on-alumina, was proven experimentally. The 
copper on the y-alumina surface was shown to improve the 
H,S = SO. reaction rate to some extent but with some 
deterioration of the simultaneous COS - so, reaction 
rate relative to the y-alumina used in preparing this 
catalyst. The optimum content of copper for maximum 
reaction conversion of the H,S - SO, reaction was found 
to be somewhere around 5%. Possible adsorption and 
reaction mechanisms for the two reactions, H,S - SO. and 


Cos - SO,, on both the y-alumina and the Cu-on-alumina 
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catalyst were discussed in terms of the experimental 
data observed and the latest mechanistic model deve- 


loped by Liu (66) for the H,S - SO, reaction on 


2 2 

y-alumina. 
Summarizing, on pure y-alumina catalyst, HoS, 

COS and SO, individually appear to compete for the Lewis- 
acid sites. To account for bifunctional activity on the 
Cu-on-alumina catalyst, H,S and sO, are believed to be 
adsorbed on the sulfided copper surface more easily than 
on the Lewis-acid sites, while COS may be adsorbed on 
the Lewis-acid sites in the same mechanism as on the 
y-alumina. However, adsorbed HS and SO, on the sul- 
fided copper surface are believed to react more readily 
in the presence of neighboring basic sites. The com- 
plementary role of the basic sites for the HS - SO, 
reaction on yY-alumina, which is to stretch the H-S bond 
by the electrostatic attractive force between the basic 
oxide ion and the H-atom of H,S (66), may be similar on 
the Cu-on-alumina surface. The decreasing conversion 
of the H,S - SO, reaction beyond the copper content of 
5% may be explained by the blocking effect of copper on 
the basic sites. Therefore, the basic sites appear to 
be vitally involved in the HS - SO, reaction mechanism 
on both the Y-alumina and Cu-on-alumina catalysts. On 
the above postulations, it may be concluded that, on the 


Cu-on-alumina catalyst surface, the HS - SO. reaction 
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proceeds mainly on the sulfided copper surface in the 
presence of neighboring basic sites, while the COS - 
So, reaction proceeds exclusively on the Lewis-acid 
sites. 

To confirm the above explanation, an infrared 
spectroscopic study on the adsorption mechanism of 
HS, SO. and COS on Cu-on-alumina catalyst is recom- 


mended. 


' Maximum Obtainable Conversion in the Claus Reaction 


The maximum obtainable conversion level of the 
Claus react eras investigated and found to be above 
the theoretical thermodynamic equilibrium conversion 
level for the same temperature, pressure and feed com- 
position. This highly unexpected result and some 
possible explanations were discussed. No clear evidence 
is available ecepeeeent to explain this discrepancy. 
To test whether surface adsorption equilibria for 
elemental sulfur are responsible, it is recommended that 
a long-term operation (for around one week) of the 
reactor be used to provide enough time to ensure that 
such equilibrium states are reached for the adsorption- 
desorption phenomena of sulfur vapor within the catalyst 


pores. 


' Reversible Reaction in the Claus Reaction 


During the investigation of the maximum obtainable 


conversion level in the Claus reaction, it was noted on 
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figure 30 that the conversion level decreased as the 
temperature increased from 550° up to 700°K. From this 
observation, it may be concluded that the reverse 
reaction in the Claus reaction is significant even 
though its visible rate is negligible. Therefore, it 
is recommended that the reverse reaction kinetics for 


the Claus reaction should be investigated. 
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Ayr Ag 
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NOMENCLATURE 
Meaning 
constant estimated by curve-fitting con- 


version-space velocity data 


external wall area of catalyst bed 
(cm”/bed volume) 


heat transfer area (cm*/bed volume) 
mass transfer area (cm*/bed volume) 


concentration in the fluid phase 
(gmole/m1) 


concentration within the catalyst pellet 
(gmole/m1) 


concentration on the external surface of 
the catalyst (gmole/ml1) 


heat capacity of the fluid phase 
(cal/gmole «+ °K) 


radiation constant 

molecular Mriieivity (am= /sec) 

bulk diffusivity (cm*/sec) 

effective diffusivity (cm/sec) 
Knudsen diffusivity (cm*/sec) 
diffusivity in the macropore (em?/sec) 
diffusivity in the micropore (cm*/sec) 
diameter of the catalyst pellet (cm) 


volumetric flow rate of the fluid stream 
feu tt. 7nr) 


volumetric flow rate of the fluid stream 
icin tt. /br) 
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volumentric flow rate of COS (cu.ft./hr) 
mass flux (gm/em?-sec) 

heat transfer coefficient (cal/cm? «hr: °K) 
j-factor for mass transfer 

j-factor for heat transfer 

equilibrium constant 

reaction rate constant 


effective thermal conductivity 
(cal/cmehr °K) 


thermal conductivity of the fluid phase 
(cal/cmehr+ °K) 


mass transfer coefficient (cm/sec) 
total depth of the catalyst bed (cm) 
dimensionless length 


characteristic pore length, 
L, = R/3 for a spherical pellet 


L, = R for a flat slab pellet 
molecular weight of species A 
molecular weight of species B 


average number of atoms in a sulfur 
molecule 


mole flux of component A (gmole/cm* +sec) 
mole flux of component B (gmole/cm? +sec) 
Nusselt number (= h dp/k -) 


partial pressure of H,O (mm Hg) 


partial pressure of H,S (mm Hg) 


2 


partial pressure of SO, (mm Hg) 
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Prandtl number (= CoE Up/K,) 
radius of a catalyst pellet (cm) 
gas constant 

Reynold number (= dpG/u -) 

radius of a pore (A) 


distance from the center of the spherical 
catalyst pellet (cm) 


rate of disappearance of HS 
(gmole/sec-gm catalyst) 


rate of disappearance of SO, 
(gmole/sec-gm catalyst) 


global rate expression 


intrinsic rate expression on the external 
surface of a catalyst 


intrinsic rate expression within the 
catalyst pellet 


Schmidt number (= U-/P-°D) 

Sherwood number (= k _ap/D) 
temperature (°K) 

equilibrium temperature (°K) 
temperature of the fluid phase (°K) 


temperature of the fluid phase at the 
reactor inlet (°K) 


temperature within the catalyst pellet 
(°K) 


temperature of the external surface of the 


catalyst pellet (°K) 
interstitial velocity (em/sec) 


weight of catalyst (gm) 
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conversion 
equilibrium conversion 
conversion in the fluid phase 


conversion on the external surface of 
catalysts 


dimensionless length 
dimensionless concentration 
mole fraction of a component A 


reactor bed depth (cm) 


dimensionless variable 
void fraction 
void fraction due to micropores 


void fraction due to macropores 


effectiveness factor 


dimensionless temperature 


dimensionless temperature difference in 
the fluid phase 


dimensionless temperature difference on 
the external surface of catalysts 


geometrical constant of catalyst pores 
viscosity of fluid phase (gm/cm+sec) 
pore orientation distribution function 
dimensionless length 


total pressure 
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density of the catalyst bed (gm/m1) 
density of fluid phase (gm/ml1) 
density of the catalyst pellet (gm/m1) 


pore size distribution function 


tortuosity factor 


Thiele modulus in general definition 
Thiele modulus for a spherical pellet 
Thiele modulus for a flat slab pellet 


dimensionless concentration 


182 














hs I Mg ev 7 ) 
, P ; 
; va Me 
: Py v J \ A 
es ! “- e Bs © 
: » - > é ‘ 
7 6 


’ ' 


( Lai\onp ) bod sey fo280 edd inp! ysteneb + 
Le eG. or} 


(Lat\arp) ee sig pint io rene: 


is ere 


( Ln\arp) toLleq Jeyledes odd. Yo La enaain 4 .t we 


noksonn? noitudit9 aie “este. e109 or ve ee 
rosea uataous102 a is pa 
roltiaki@ep ape at eu yubom sleidc? als ; a i 
tailed tsolegriqe: B 02 eulgbom ekeasit ‘. . , 
jelisa dele teif% & 102 au Lisbont elelat ihe i.e 
notsexdnecne8 aneLnotenomib | 
; AR tie ae ay ee 


ra , ‘ 
’ J a i ae ans ‘Ke, 
. ee i re 
ary, ig 
9% i an : he ah S. ri 
a = ts c 5 > ASG ? 
OP ¢ ri ¢ 
re “+ ee ‘ 
= io ~~. = Sos 2 a 
“ - > arth ’ a i 
wah 
, ~ z 
= % 
re ”" 
7 P 
_ - i. > 4) 


r . he s be sae ty oe 


» «i oes ae ‘ee a 
‘ Fe 4 as hak 7a 


va 


cay <9) Ss > es 


LO. 


A Bs 


a2 


i 


14, 
i5. 


16. 
vp 


183 


BIBLIOGRAPHY 


Abed, R., and Rinker, R. G., AIChE J., 19(3), 618 (1973). 
Abramov, A. A., Teor. Osn. Khim. Tekh., 8(1), 116 (1974). 


Abramov, A. A., and Zhdanov, V. M., Teor. Osn. Khim. 
Tekh. ; 47 (3) 7365, (1978). 


Balandin, A. A., "Catalysis and Chemical Kinetics", 
pp 255, Academic Press, New York, 1964. 


Barkelew, C., Chem. Eng. Progr. Symp. Ser., 37(25), 
5S (13959) % 


Barry,eC.oB.,\) Hydro. Proc., 51(4), 102 (1972). 


Bartlett, P. D., Lohaus, G., and Weis, C. D., J. Am. 
Chem. Soc., 80, 5064 (1958). 


Bennett, C. O., and Myers, J. E., "Momentum, Heat and 
Mass Transfer", 2nd ed., pp 509, McGraw-Hill, New 
York; 197Ta: 


Bennett, H. A., and Meisen, A., Can. J. Chem. Eng., 
S1(12), 720) (1973). 


Berkowitz, J., and Chupka, W. A., J. Chem. Phys., 40(2), 
287 (1964). 


Berkowitcze, J.;,.0nG Marquart, J. R., J. Chem. Phys., 
39,275. (1963). 


Braune, H., Peter, S., and Neveling, V., Z. Naturforsch., 
6a, 32 (1951). 


Brian, P. L. T., ‘and Hales, H. B., AIChE J., 15, 419 
(1969). 


Puchbocks.G.,62."PhyazcChem., 23, 4123) 41897) . 


Cameron, D. J., and Beavon, D. K., Paper presented at 
CNGPA meeting, Edmonton, February, 1970. 


Cernova, E. A., Theor. Found. Chem. Tech., 4, 367 (1970). 


Chilton, T. C., and Colburn, A. P., I & EC, 26, 1183 
(1934). 


WN ed 


2 .piew bris ..o \® weno gh % .i3eisusa 
. (BeeL) ade. & Satin «mond ’ 


; ebaded feamoM 


med)? .& ,.A Ww nae bas ae 


“4 
ee 


B .V. «patleven bets a —r, 
BATA va JH ynelst basi af 
+ (TSE ) est Ss vmod 


eaid 19qsd ae a poe 
-O0eL Ab ainet: 




























TAADOL ISIE ¥y 
¥ { a e 
as 
» Vs 
¥ ¥ a ‘gos OE 2 ey. 
a sreAnkA bas »-& ,bedA 
ax > | te! a) 
9 “ia ay, > te 
. 20! .10sT" a -A. ,WOmBIGA — 
e. ar 7 ce — 7AM 


von bad” ons Ber A LvomsxdA 
(ever) ae a (AES tet &: 


ee] tt 


> a 


yes: som ee) a ‘\atbae ied 
ext ot imeBso4 ces qq Ab gf, 


pord pad meet Ce Y \woledt “a 2 
(Reet) aa | 


Sona | ‘coxbyy ve 3 oe oe 
f 1 
* 


Le 


% (ers sul bos 4 = .y by 23900 oe a 
bo mands: “getenstt oot ora } 
 OtOL sax0¥ Bagg 


ame Sos sy itet aie 
vse sank ay ic x ; 


7. oN 


sanupTeh oa ry 


+ 


ALE 
< asa 
Ci 


TOS of 
i nis: 


be = 


JS ye 


20. 


yb i 


ye 
PAS fe 


24. 


rio 


te 
Z7. 


eh 


eA 


a ee 
She 
Ba 
ey 
34. 


aye 


36. 
= ¥/e 


38. 


184 


Chuang, T. T., Ph.D. thesis,. University of Alberta, 
Edmonton, Alberta, 1971. 


CUMMG pte ep aL alia, Ls as, and Liu, C. ie, 
J. Chem. Soc., Faradary Trans., 69, 643 (1973). 


Cousot Ceae See rote Ao (Loos) « 


Cormode, D. A., M.Sc. thesis, University of Alberta, 
Edmonton, Alberta, 1965. 


Dalla Lana, I. G., Gas Proc. Canada, Jan/Feb, 36 (1971). 

Dalla bana, 1. G., Gas Proc. Canada, Mar/Apr, 20 (1973). 

Deveeeehiclic peeees Oe Bat Kap AAG al Use as, Lingo Faper 
presented in CNGPA research seminar, Calgary, 
November, 1974. 

Pal eos uaingeee. se MCULeGOL, O.i/Kh., Liu, C. L.,, and 
Cormode, A. E,., Proc. 5th Europ./2nd Int.., Symp; 
Chem. Reaction Engg., B2~9, 1972. 

Davis, J. ©., Chem, Eng., /9, 66, (1972) , 

De Acetis, J., and Thodos, G., I & EC, 52, 1003 (1960). 


Deen Dean atloe uaiia, .. G., and Habgood, H. W., 
ee COCA hay oaks pred L9 71): 


Détry, D., Drowast, J., Goldfinger, P., Keller, H., 
“and Pickert,; H., 4. Phys. Chem., N. F., 55, 314 (1967). 


Eigenberger, G., Chem. Eng. Sci., 27, 1909 (1972). 
Bigenberger, G., Chem. Eng.°sci., 27, 1917 (1972). 
Perm oR. sf .7,.Chem.,Rev.. 9/,.621,.. (1957). 


Fischer, H., Hydro. Proc., 10, 125 (1974). 


Friedlander, Sep Kage Albin .:, 3, 43 (1957). . 


Gamson, B. W., and Elkins, R. H., Chem. Eng. Progr., 
aay e009 Wh9O9).. 


George, 2. M., J. Catal., 35, 218 (1974). 
George,.Z. M., J. Catal., 32, 261 (1974). 


MOUGLi, GC. a. , “unt, BE. B.,; and Palm, J. W., Hydro. Proc., 
10, 122 (1974). 


- oo , 
>} i Deis = ee ' ’~BMBuU. 


{> Juikg ‘sti dicen (X ;soed elind 88 




























i) vil e ry tn) 1 B f Aed7 a. Fok | ,* 7 my ig pale 
ENOL yi stxedlA . 03 nome 





wy. 
a 
silsa \ * Tv. i aP ret 9 8) 
ry -905 ‘mend a 


88 -,.<@aa1T yuspsi1s67 


88.) A202 ited 


Vv & St 


tira - ” q 


“ Tins ‘) a 
4+iexyevwind ,abesd?- 280M 7. a ans: Ny 
é eget  sttedlA notcomba = 
4 t G n a fs 3 Aa yy ao ord 2G”) me 1 ‘ 66d atisa 


i“ 
L* 


L6M a: ae) .70Td. e680. , 20: i ‘\ensd, silsd «| 
j te yl aa , 
~) iia OF oA. S| , of et 3 baad ‘siisa om 
iS tadisiee Aot6seesSt scharbic 4 ai betnezeizq 


bTOL xedmevon © a 


mi it 1S‘, gored até .oord. can. A (Sbomz0D- ie ee . 


SveL ,@- Sa » BEA noisosen -medo see 
. = 
, (SPRL) BBV OE (Apert mat G 69 t a 
sz 288 T y.0 , 80 bos? bas +: ate 
boordslH Bas ,-2 . sash skied sittee 
WALT OL). one. fs vetedad 1 
ok ,.% yeas o8'..5 .teanort a rt. 


. " e 4 7 ise ag SES) BR (aa 8 ‘ i | atredo aad ay mg 


aS . seks 


eoer .TS , abe pe meee! un 


vb 
(Tee) 


(tee) eer of 59094 16 
aks oll 


a if 





x 5S 


40. 


41. 


42. 


43. 


44, 


45. 


46. 


47. 


48. 


49, 


50. 


SL. 


itis 


a3 


54. 
pe in 


56. 


185 


Goetze... & Sood, A.5 sand. Kittrell,, J—.R.,; I &EC, 
Prod.) Res. Develop., 13(2), 110 (1974). 


Goodsel, A. J., and Blyholder, G., J. Catal., 26, 
Li, (1972). 


Griffith wR. s.t,sMarcom, Auk g~-and, Newling, W.. Bs S., 
Brit. Pat., 600118 (1948). 


Haas, L. A., and Khalafalla, S. E., J.:'Catal., 29, 264 
UEo73)3 


Haas, L. A., and Khalafalla, S. E., TMS paper selection 
A73-6, 1973. 


Haaeyiid .f WapyMicCormick, T. H., and Khalafalla, S. E., 
U.S. Bur. Mines Report Invest., No.7647, 1972. 


Hammer, B. G. G., Doktorsavhandal, Chalmers Tek. 
Hogskola, No.14, 166 (1957). 


Hideo Teshima, and Norigoshi Morida, J. Catal., 31, l 
CE973)i- 


Hlavacek, V., and Hofmann, H., Chem. Eng. Sci., 25, 
bis (9 707 


Blavaceky Vv «,ealGstormann, H., Chem. Eng. Sci., 25, 
LB 7s C2970 jee 


Hlavacek, V., Hofmann, H., Votruba, J., and Kubicek, M., 
Chem. Eng. Sci., 28, 1897 ..(1973) . 


Myne, J.05., OLl Gas J. August 28, 64. (1972). 


Johnson, Ms. F., and Stewart, W. E., J. Catal., 4, 248 
too). 


Karanth, N. G., and Hughes, R., Catal. Review, 9(2), 
169 (1974). 


Karren, B., M.Sc. thesis, University of Alberta, 
Edmonton, Alberta, 1972. 


Kelievinskan Usswe2Ux. Mines Bull., 406, (1937). 
Kerr, R., Private communications. 


Khalafalla, S. E., and Haas, L. A., J. Catal., 24, 121 
(1972). 


= 


nae 1 4 i a ‘ . 
: es ie i,t t -. ‘ 
j a. 7 


PP eo > 























‘ 
i ’ - 
" 


[Loxsa ix Bris ah bese WwW ‘ase rs 
) OLL , (SEL ,-qoteved, Bot box 


os [6769 <b . wD , weabilodyia bas alta. Leaboo 2 
~: | ated a Bi: 


..2 .@ .W ,pailwet bas ,.a .A MOD ISM | cath My As Ethis #3 
. (8deL) BLL009 ere igi 

eS -. fndad UW Le (eke ee eee coe 

a | | oa eked) ‘i 


™“ 


291.88 TQS MT . a «xe sttsts test ‘Heis ay is “det 
} ENOL OETA y 


vi 
it Ne 
—~ 


2 ,slisisisad bas ,.H ? \, to basadom ok ie anal M 
STeOL ,TedT.ow ', . tas 7aut " 3uogamt yas a oe - 


a 
i 


7 , 

















.A9T ezomisAdD , lebasiveetos 400 oer’ a a | yemmpH a 
(Tees) POF vol, on vet CARPE rs 
= iy, : b ee Sy. , 
c is eEtsD .& ,sbixoM IfeopizoX Bais nakseen | > taal of 
hi io a 
- ® ' 2 9 v be é te . 4 ~ 
aS ,.f98 .ond Meda Te ete ol bite pe wn ey ae 
as _ 


a re iy TO .( aver) | £ 
eer 


é te ee e a ’ P ; Mh" ac 
..M .asotdwA Bas 4. sdirisoVv ‘om pees mee BV BLE } 
» C2EUL} 


3c on , — ee on 1 ee sedate r 
.2S' ,.£08 . Sn se 4 JR Pease 2 Die .* 
ea ag 
" a4 Ee ) ste 


{ ‘< vest 8S. be chart pad, i > 7 
i be te td Sey rey 
= LPS a a 
~(SveL) re 4 sauQué ny ‘250 ge on z omylt 
. 2 a Mes ee om, : ee ere 
bs ,o ,viesed .o ,.8 ow, Jx6wase Bi dot 


» 


.(S)@ .wekved {6 vost noes 
: @ 


ea % se 
.ssr0dA | ie wherevind 4 “tt 


i 


D7. 


58. 


D9% 


60. 


a 


62. 


63. 


64. 


OD 5 


66. 


67. 


68. 


69. 


703, 


ree 


Qs 


73. 


74, 


186 
Khalafalla, S. E., and Haas, L. A., J. Catal., 24, 115 
(1972). 


Krill, Helmut, and Klaus, Storp, Chem. Engg., July 23, 
84 (1973). 


Landau, M., Molyneux, A., and Houghton, R., I & EC, 
Symp. Ser., No.27 (1968). 


Lepsoe, R., I & EC, 30, 92 (1938). 


Levenspiel, O., "Chemical Reaction Engineering", 2nd ed., 
pp 473, John Wiley & Sons, New York, 1972. 


Liu, S. L., and Amundson, N. R., I & EC, Fundls, l, 
200 (1962). 
Liu, S. &.4 and Amundson, N. R., I & EC, Fundls, 2, 


12° (i908). 


Liu, S. L., and Amundson, N. R., I & EC, Fundls, 2, 
18591963) ¢ 


Liu, C. L., M.Sc. thesis, University of Alberta, Edmonton, 
' Alberta, 1971. 


Liu, C. L., Unpublished research results, 1975. 


Liu, C. L., and Dalla Lana, I. G., Paper presented at 
Canadian Sulfur Symposium, Calgary, May, 1974. 


Lochiel, A. C., and Calderbank, P. H., Chem. Eng. Sci., 
PME, 9871%(1964)" 


EOvetty, (Wi Ds ; sarid-Cannitty, fF. “T.;-Chem.'“Eng:“Progr., 
FOS) Pas OK1L974 YS 


Marsan; J. °be Ps ,*and-Newring, WwW. ‘BY S., Brit. Pat., 
86:/,0022(1962).. 


MGCBE2G@;7/B. J., Heimel, S.,: Ehlers, J. G., and Gordon, 
S., NASA SP-3001 (1963). 


McGregor, D. E., Ph.D. thesis, University of Alberta, 
Edmonton, Alberta, 1971. 


McGuire, M. L., and Lapidus, L., ALChE J., ll, 85 (1965). 


Méisen, A., and Bennett, H. A., Hydro. Proc., 53(11), 
LP (L974) « 






















OS ,,le%89 .b sek sd \85sH bis his 7:3 ite OP ABO. 
ree Si 

6S yEut , pene wed ,quede jensia Bae jumiet. re A 
; ) : . (EV CL) Lae eae 

ee ' 
ios 
52 


>. fowipyol bas ,.A’ (xenyloM ‘ mM usbast ua 
.YS9RL) vs fabater . «i928 ore Bs 


(peer) Fe: 0° (og é 4 vt songed 

"“ontyeoniena aoltoses fsoimeds" if 5 febqenaved | 
— - - @ 

Stet , LOY wok ,anoe a yoLiw “ato ETP qa Lae 7 


.efbaud ,Da:2 t hk oe \noabauma bas ae “48 sist 3 
*; : ire J (880L) 008, 


on 
+469 
} 


—_ 


elbauG ,0a 2 I ,..a B oabrsma brs. sag <2 win : 3 
| (eek) st 


~ 


; a a“ eal 
§ ,elbauvt ,va 2 i. 3m snoebrusnt mee: ae = ie ‘wh +8 be 

. * saci t ee" setae 4 
smba ,sixrediA to exergy vebeonts .38.M- ae 2 wit: 
a ei¥es cn lh 
met 


5! 


,2vel-,etivees sdowesesr pedestdugnt ae a 9 

Au 7) fl aa 

betaeaes%g teged ,..9 .T ,eabd siisd Das pray OF : si 
tefl ,yeM ,yyepis2 ‘ying Leogmye | eS ae 

iy Ray AE” Mia SH 

A fett ot 













, 202 .pnd..med> ,.H 4 asd2eb isd. bas te. he 


,xpord .onk .m6fD yi TP oF tiinasD PR 


cs “Ra 


sed .3tx8 |, .8 8 a spawn 


qe 


¢ 
1 


" 
‘ mobto0eo bre + » tL aot ~4 2 Pe Dn oi 
\ (€9@L) si 
i y en a En Sie ve <> 443 
etxrediA +9.) thew sovial auieae te pepe 

' b vie 7; INGE 4 ‘ 
4208s) 28 ‘aa a Aig ‘aasak- 
ee eS aes aa . r il 


ys 

re | «te 

y = is vial Pins “ ie 63 iby a 
‘ * - ae. here 









an 





= 


he 


76. 


Jed » 


78. 


ch Be 


80. 


SE 


SLs 


a3 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


pie 


oy es 


187 


Meyer, B., “Elemental Sulfur", Interscience, New York, 
1965. 


Mezaki,~« Rey anduKittrel b,. Ji. Re, Cans; J... Chem. Eng «, 
44, 285 (1966). 


Mischke, .R. ps, nas Smitn .:2Hs., 1.-4,EC Bundis,, 
1(4), 288, (1962). 


Naber, J. E., Wesselingh, J. A., and Groenendaal, W., 
Chem. Eng. Progr., 69(12), 29 (1973). 


Namba Seitaro, and Shiba Tadao, Kogyo Kagaku Zasshi, 
Pel) ese L 6G) 5 


Neumann, K. K., Erdol und Kohle-Erdgas-Petrochem. 
Brennstoff Chem., 25(11), 656) (1972), 


Okayea Vi Cy ppaneeonort, W. L., I & EC Process Des. 
Develop., 12 (3), 291° (i973). 


Paterson, W. R., and Cresswell, D. L., Chem. Eng. Sci. 
26, 605 (1971). 


Pearson,,M3-d,5-Hydro. Proc., 52(2), 81 (1973). 


Peter, S., and Woy, H., Chem. Ing. Technik, 41, 979 
(1969). 


Petersen, E. E., "Chemical Reaction Analysis", Prentice- 
Hall, Englewood Cliffs, New Jersey, 1965. 


Petty, L. A., Chem.,Eng. Sci., 28, °119, (1973). 


Pilgrim, R. F., and Ingraham, T. R., Mines Branch 
Information Circular IC 243, June, 1970. 


Preuner, G., 4. Phys. Chem. 44, 733 (1903). 


Preuner, G., and Schupp, W., Z. Phys. Chem., 68, 129 
(1909). 


Querido, R., and Short, W. L., I & EC Process Des. 
Deveiop., 12(1), 10 (1373). 


Rau, H., Kutty, T. R. N., and Guedes de Carualho, 
J. R. F., J. Chem. Thermodynamics, 5, 833 (1973). 


ROSS, Ke A., and Jeanes, M. R., I & EC Prod. Res. 
Develop., 13(2), 102 (1974). 


-soitasid ,"2 cigytena portonest [soimend” Ris Bn 


AO wo a ls sa ig i i A - * 


gee £68 Es ~~ 



























pat .medd .b .m6d oH pb LoRtaiR Bae al = 


_ sfbaut 98 3-48 ot _ ashe bas. y «A. «Fs 
(880s) 88S (ME - 


w | SeRD ORES ne he .U toad tamale <.3 rm cada 
, (EVeL}. eS » (SL) eg 1 pores pas » mantD 





,ideesS sAspsd oypor ,osbe? sdide bas: \oussise ednsh r 
. (8aeL). Be Benes! 


.“envor $09-eopbus~olsio’ Hriy $6b2a 4 Pe oe +08 
-(£¥el) oa LEE vm ios ennexé © ig 


,eo0 eeopo7d DA at ,.d .W sr0d@ bas \.9 (a eT 
sUeFed) Les 5 (€)S& ..gol ok 
* Vy 


.to8 .pna .medd ,.sd a tla bie. «<A. oll pape | ie . | 
; . tex) 208 .as 


. eres) 58 ishee- es crabs yb re 
eve , fh Akedtoo® pal: -ed eve + x0 bas. a a 
edeL vyserst welt nevi boows: ipna, é i 
v tin 
Pah err 8S ee pad ec) sok ws 


dons, eocrid. A. 5 a Bh om 
0COL Smut - eh 91 rel ates sat us 
(BORE) CEN GRD smedto eye 28 00 9 ue “se 


| ' cat. 
est 82 5 ig tik m a saudo a oe cor pan 
ott . bis ee ter 
i, ae ae 7 ia A we 


aed chenank on ad vd ieee "Oke 


y= 





‘yodLaussd 36 ss bas ! 5 co } ce we 3: 


a3 


94, 


= ee 


96. 


i 


a6. 


99, 


100. 


LOL. 


102. 


Loa 


104. 


105: 


106. 


LOT 


108. 


109. 


110. 


188 


Satterfield, C. N., "Mass Transfer in Heterogeneous 
Catalysis", pp 56, MIT Press, Cambridge, Mass., 1970. 


Smith, J. M., "Chemical Engineering Kinetics", 2nd ed., 
pp 420, 430, McGraw-Hill, New York, 1970. 


Stecher, P. G., "Hydrogen Sulfide Removal Process", 
Noyes Data Corporation, New Jersey, 1972. 


Steijns, M., and Mars, P,, J. Catal., 35, 11 (1974). 


Taylor, H. A., and Wesley, W. A., J. Chem. Phys., 31, 
216'.(1957)% 


TnOmDSoOny, heartcou,-cC. F., and, Lamb, S. A., J.*Chem. Sci., 
LOSS rGLI3say. 


Van Den Bosch, B., and Padmanabhan, L., Chem. Eng. Sci., 
29, 1217 (1974). 


Varma, A., and Amundson, N. R., Chem. Eng. Sci., 28, 
94% (732 


Villadsen, J. Vs; and Stwart, W. E., Chem. Eng. Sci., 
22, 1483 (1967). 


Votruba, J., Kubicek, M., and Hlavacek, V., Chem. Eng. 
SCL., 295-2333 )(1974)). 


Wakao, N., and Smith, J. M., Chem. Eng. Sci., 17, 825 
(1962). 


Nawao, Ns) cio sontci, weiM.,.. & BC Fundls. Quart., 
or 223 71964)... 


Wayman, D. D., et al, NBS Technical Note 270-3, U.S. 
Government Printing Office, 1968. 


Weisz, P. B., and Hicks, J..S., Chem. Eng. Sci., li, 
20> (1962)'. 


Wheeler, A., “Advances in Catalysis", Vol.III, pp 250, 
Academic Press, New York, 1951. 


NiILECe sy) W. eos) HONNSON, oo. Me, and. Danzig, G. B., J. 
Chem:s-Phys., 28, 751 (1958). 


Moser, J. P., Personal communications. 


Nagy, J. W., and Moser, J. P., "Users Manual for the 
-Monitoring and Control of Gas Chromatographs by the 
IBM 1800 Computer", Dept. of Chem. Eng., University 
of Alberta, Edmonton, Alberta, 1973. 


Bal 


~ 





























alosonspoiessh ai azastensiT easM”™ ,.4 6D ,bisk 
-OV@l ,.2e5™ ,Spbixdms) ,seoxt: TIM ae qq ," alley. 


,- bs bnS ,"aotsentApaivesntipad Iso imedd”"”,.M Oo pele ; 


.OTeL ,Ato¥ wet ,[Lin-ws2D0M ~ OER OSB 


."eezs00r1t L[svonesr ebltine nepoubyh” ab af <tefioed2— = 
-£TeL ,yeaxet, wold \MolIsxegzog mda Bayou oe 


(OVE): GG BE Reto icoaat vexet Bris: \.M antres2 9 7 


vLE y-BYAT medi. b y,A .W ‘Aine bus vk VE ,tolysT | 
een ae" 


,-402 .metd .U ,.A 2 ded ons ..t ao cieoasek . foagmodt be 

: 7 (CCE). EEL” es 

,+298 <pad .mendd “4a cutie al bas .) ,foeod asd 8V 
(Tet) WISE ‘fs 


“an ¥ 
8S ,.fo8 «pad .medd >, .a iH foebaumé bien. ih pitton 00. 
| = ~ TORN? amg 


«+238 -pad -msdD or So. W. SIRF baa Pre ot i noebeLtiy - - | 
. ie 


pn 


ri aes 


.pam .medDd .s¥ ,deoevell Bris (mM ‘Laake Mm ce ie 
- (BVELD Ef eS SVs 





cn8 , SL ,.19@-. end cmedd \.M i 13 bm bag, «i .e 
| ag S soit > 4 
eet. perern oe re dsm Bas’. .4 4 | 


me cea ! 


8.0 es “Ore Bou taoreteae eau rie a le sii 
.B22L ,eoktIo patsaind : 


a i928 -pad aia ee «& »arioit me tke if f 4 sais 
a4 2 ’ 


— fs 









o 


ke ie 
eet? ae, 
,»0@S qq ,III. Lov *piayis30 aha ; eat 5 “ 
a Lee t10% om enott of 
=. é, - 


Gt +4 3) .elaned bra 7 . 


8 bots mrs we By 


7. posamox aia ane ys fee sng) “90s 
aux ae t's 


ak & vo S 


APPENDIX A 


CALIBRATION OF THE GAS CHROMATOGRAPHIC SYSTEM 


189 


ww 


> 


of 


t : 
~ -A xtowacda 
i bg ‘ 
eatin re 
. « rs 
. ] =a é ee ‘ ¥ 
(HDOTAMOAHD @AD EHP 90. WOT 
: : “se. nes r 








190 


A-1l. Calibration Procedure: 


The gas chromatograph was calibrated using sample 
gas mixtures the composition of which was known from the 
volumetric mixing ratio. The apparatus used for sample 
preparation is illustrated in Figure A.l, which was oOrigin- 
ally fabricated by McGregor (72). 

The sample mixing chamber was made of a 5 liter 
lucite cylinder equipped with a movable piston and a mix- 
ing fan beneath the top cover of the cylinder. The lucite 
- cylinder had been calibrated by McGregor (72) to describe 
the volume of the gas mixture in the cylinder as a function 
of the piston position. 

Before preparing the sample mixture the cylinder 
was initially purged with nitrogen for about 2 hours. Then 
the cylinder filled with pure nitrogen through the line A 
was allowed to equilibrate to the atmospheric pressure and 
temperature. Then the gas burette and the line B were 
purged with one of the calibration gasesand a volume of the 
gas was trapped in the burette by lowering the mercury 
reservoir. The pressure of the trapped gas being not equal 
to the atmosphereic pressure, the elevation of the mercury 
reservoir was manipulated to get the atmospheric pressure 
which was confirmed by the water manometer. 

Then the trapped gas was compressed to about 30 


psi by raising the elevation of the mercury reservoir and 
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FIGURE A.1l: GC CALIBRATION APPARATUS 
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forcing it into the cylinder through the line B with a 
sufficient positive pressure. The residual volume of the 
trapped gas was brought to the atmospheric condition by 
manipulating the elevation of the mercury reservoir again. 
The difference of the gas volume between the initial and 
the residual at atmospheric condition was recorded as 

the introduced gas volume to the mixing cylinder. 

While the first calibration gas was being mixed 
with the nitrogen in the mixing cylinder by the mixing fan, 
the line B and the gas burette was purged with the nitrogen 
and then by the second calibration gas. Then the second 
calibration gas was trapped in the burette, equilibrated 
to the atmospheric condition and then forced into the 
cylinder in the same way as the first calibration gas. 

The third calibration gas was also introduced into the 
cylinder in the same way as the first one. 

After the final sample was mixed for one hour by 
the mixing fan, it was forced into the GC sampling loop 
with a positive pressure head of 1 inch mercury, which was 
measured by a mercury manometer on the vent line from the 
GC, by lifting the cylinder position. 

The sample introduced to the GC sampling loop was 
injected to the sampling coil by pushing the injection 


lamp on the GC programmer panel for 13 seconds. 
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A-2. Attenuation System Design: 


The individual attenuation system originally instal- 
led on the GC programmer panel was found to be malfunction- 
ing due to the excessive electrical noise causing the 
unstable base line whenever each microswitch changed its 
electrical connection on the timer control cam. The sche- 
Matic diagram of the individual attenuation system used 
by the former investigators (53,65,72) is illustrated in 
Figure A.2. 

So the previous individual attenuating system was 
not employed throughout this study, and the first GC cal- 
ibration was done au a fixed attenuation for all peaks as 
shown on Figure A.3. With this attenuation scheme, the 
GC calibration results by the computer and che integrators 
were not consistent as described in Chapter 5. 

Finally it was found that another installation of 
attenuation system was still possible. The newly installed 
attenuation system is illustrated in Figure A.4. The atten- 
uation scheme III was calibrated by measuring the output 
Signal from each attenuator at a arbitrarily assigned in- 
put signal. The voltage signal was measured using a poten- 
tiometer. The results of the calibration of the three 
attenuators are listed in Table A.1 through A.3. The 
GC calibration results using the attenuation scheme III by 


the computer and the integrator were in a very good 
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FIGURE A.2 ATTENUATION SCHEME I 
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FIGURE A.3 ATTENUATION SCHEME ITI 
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FIGURE A.4 ATTENUATION SCHEME III 
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TABLE A. 1 


CALIBRATION OF CHROMATOGRAPH ATTENUATOR 


ATTENUATOR SETTING 
ATTENUATION RATIO 


~< 
nou 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 
AO = 19.95917 


Al = -1.88738 


REGENERATED DATA 


X MEASURED Y OBSERVED Y CALCULATED PCT ERROR 
1.000 18 .0 69 18.071 9.013 
229099 16.008 16.184 he te af 
3.2000 ; 14.202 14.297 0.666 
4.999 12.586 12.409 1.403 
5 000 10.735 1D. DZ 2 1.984 
6 2999 8.690 8.634 0.640 
7.000 6.759 6.747 0.174 
8.009 4.740 4.860 Zeset 
9.900 22920 2-972 1.804 

10 £999 1.073 1.085 1.095 

VARI ANCE = 0.915210 

STANDARD DEVIATION = 0.123330 

MAXIMUM PCT ERROR = 2.527461 
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TABLE Aw 2 


CALIBRATION OF ATTENUATOR #1 


< 


ATTENUATOR SETTING 
ATTENUATION RATIO 


< 
i) 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 
AO = 1.07781 


Al = 0.17031 


REGENERATED DATA 


X MEASURED Y OBSERVED Y CALCULATED PCT ERROR 
1.000 1.210 1.248 32119 
22099 1. 398 1.418 1,296 
3.000 1.687 1.588 5.835 
4.009 1. 784 Le DY 1.425 
5.000 1.893 Levee 1.880 
6.099 2.073 2.099 1-266 
72900 22254 2-269 0.704 
8.999 26 431 2-440 0.370 
9.000 2.613 2-610 0.126 

10 909 20197 2.1780 0.603 

VARI ANCE = 0.001636 


STANDARD DEVIATION = 0.040452 


MAXIMUM PCT FRROR = 5.833227 


per i = 4 eae 
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VABLE Ay 3 


CALIBRATION OF ATTENUATOR 


~< 
Woy 


ATTENUATOR SETTING 
ATTENUATION RATIO 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 


AD = lel tse 


Al = 1.760 


X MEASURED Y OBSERVED 
1.909 Cag tt el 
2-000 4.635 
32009 66471 
4.000 8.365 
5999 10.147 
6.900 11.706 
7.099 13.450 
8.000 15.244 
9.099 16.980 

10 .090 18.743 

VARIANCE = 

STANDARD DEVIATION = 

MAXIMUM PCT ERROR = 


47 


REGENERATED DATA 


0.00 8538 
0.09240 1 


4.343668 


Y CALCULATED 


Lie 735 
4.694 
6.454 
8.215 
Teo To 
el OP Be 
13.496 
15.256 
17.017 


Loos t i 


POT 


ERROR 
4.343 
i Bod ge 
0.265 
1.802 
1.699 
0.251 
0.338 
0.081 
0.219 


0.185 
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agreement as described in Chapter 5. 


A-3. Homogeneous Reaction Effects In The Mixing Cylinder: 


To check the homogeneous reaction effects during 
the mixing period of the sample gas mixture in the mixing 


cylinder, the calibration results for SO, component both 


2 
in the COS-H.,S-SO,-N, mixture and in the SO,-N, mixture 
were compared as illustrated in Figure A.5. 

Figure A.5 indicates that there was no homogeneous 
reaction during the mixing period of the sample gas mixture. 
The calibration data for the SO,-N, mixture are listed in 
Table A.4. 

The first calibration results of the gas chromato- 
graph using attenuation scheme II, are listed in Table A.5 
and the second calibration results using attenuation scheme 
III are listed in Table A.6. A listing of the program 


GCCAL, used to reduce the calibration data to usable re- 


sults, is also included. 
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TABLE A.4 


CALIBRATION SAMPLE NUMBER 1 


SAMPLE PREPARATION CONDITIONS 


ROOM TEMPERATUREscccccccee 29265 DEG K 


BATH TEMPERATURE secccevceee 291-7 DEG K 


ATMOSPHERIC PRESSUREseceee 697466 MM HG 


VOLUME OF NITROGEN cccecccee 461923 CC 


VGLUME OF SULFUR DIOXIDE .. 56.2 CC 


SAMPLE COMPOSITION (MOLE PERCENT) 
NEFROGENeccccecctus, 0607675 
SULEUR DIOXEOE .c.. 22324 


100X MOLAR RATIO.w-e-« 142478 


INTEGRATOR AREA RESULTS (THE LAST SET IS THE AVERAGE) 


NITROGEN SULFUR DIOXIDE 
INTEGRATED PCT OF INTEGRATED 
AREA TOTAL AREA 
0.543787E O07 98.35 @.ILOZLIOE O05 
0.543654E 07 98,33 0.920240E 05 
0.5445 17E 07 98.35 0.912500E 05 
0.544201E O7 98. 32 0.928330E 05 
0 .545233E 07 98.31 0.934960E 05 


0.544278E 07 98. 33 0.921248E 


05 


PCT OF 
TOTAL 


100X 


AREA 
RATIO 


1.6738 
1.6926 
1.6757 
1.7058 
1.7147 


1.6925 
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TABLE A.w4( CONTINUED) 
CALIBRATION SAMPLF NUMBER) 2 


SAMPLE PREPARATION CONDITIONS 
ROOM TEMPERATUREscccccccee 291.5 


BATH TEMPERATURE ccccccceee 290.8 


ATMOSPHERIC PRESSUREscceee 697.28 
VOLUME OF NITROGENecccecee 4619.3 


VOLUME ‘OF SULFUR DIOXIDE .. 12.6 


SAMPLE COMPOSITION (MOLE PERCENT) 
NI TROGENes cc ee tes 99.7211 
SULFUR DIOXIDE we. 0.2788 


100X MOLAR RATIO...» 0.42796 


INTEGRATOR AREA RESULTS (THE LAST SET IS THE AVERAGE) 


NITROGEN SULFUR DIOXIDE 
INTEGRATED PCi OF INTEGRATED 
AREA TOTAL AREA 
0 .549638E 07 99.67 0.179220E 05 
0.555189E 07 99.65 O-190600E 05 
0.553106E 07 99.68 Ox iH62Z200E 05 
0.549580E 07 99.64 0.1 IZ990E U5 
0.549491F 07 99.64 Os.lI3ZTOE 05 


DEG K 


DEG K 


MM HG 
GCE 


CC 


0.551409E O07 99.66 0.186464E 05 


PCT OF 
TOTAL 


100X 


AREA 
RATIO 


0.3260 


0. 3433 


0.3185 


0.3513 


0.3516 


0.3381 
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TABLE A.4( CONTINUED) 


CALIBRATION SAMPLE NUMBER) 3 


SAMPLE PREPARATION CONDITIONS 


ROOM TEMPERATUREsccceccees 293.0 DEG K 


BATH TEMPERATURE cecccceeee 292.2 DEG K 


ATMOSPHERIC PRESSUREseeeee 70261 MM HG 


VOLUME OF NITROGEN ecceceee 4619.3 CC 


VOLUME OF SULFUR DIOXIDE .. 25.5 CC 


SAMPLE COMPOSITION (MOLE PERCENT) 
NITROGENccccccccvee 9904370 
SULFUR DIOXIDE ee. 045630 


100X MOLAR RATIO... 0.5661 


INTEGRATOR AREA RESULTS (THE LAST SET IS THE AVERAGE) 


NITROGEN SULFUR DIOXIDE 
INTEGRATED PCT OF INTEGRATED 
AREA TOTAL AREA 
0 .532763E 07 99.31 0.365880E 05 
0.524177E 07 99.34 0.343750E 05 
0.55 3896E 07 99.43 0.314710E 05 
0.531029E 07 99,32. 0.359030E 05 
0.535077F O7 99.37 0 .334400E 05 


0.535388E O07 99436 0.343554E 


05 


PCT OF 
TOTAL 


100X 


AREA 
RATIO 


0.6867 
0.6557 
0.5681 
0.6761 
026249 


0.6423 
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TABLE A.w4( CONTINUED) 
CALIBRATION SAMPLE NUMBER 4 


SAMPLE PREPARATION CONDITIONS 


ROOM TEMPERATURE. cccecceee 29220 DEG K 


BATH TEMPERATURE seccecccceese 291.25 DEG K 


ATMOSPHERIC PRESSURE.eeeee 706266 MM HG 


VOLUME OF NITROGENecccecee 461923 CC 


VOLUME OF SULFUR DIOXIDE .. 98.0 CC 


SAMPLE COMPOSITION (MOLE PERCENT) 
SULFUR DIOXIDE eee 261274 


100X MOLAR RATIO... 2.21737 


INTEGRATOR AREA RESULTS (THE LAST SET IS THE AVERAGE) 


NITROGEN 7 SULFUR DIOXIDE 
INTEGRATED PCT OF INTEGRATED 
AREA TOTAL AREA 
0 .539304E 07 97.35 0.146565E 06 
0 .541332E 07 97.42 0.143307E 06 
0.533457E O7 97.28 0.149082E 06 
0.537665F O7 97.30 0.149103E 06 
0.541047E 07 97.31 0.149222E 06 


0.538561E 07 O hea3 0.147455E 


06 


PCT NF 
TOTAL 


Zetl 
2269 


2-68 


100X 


AREA 
RATIO 


Zaft 
22-6473 
2.1946 
fet i Sl 
2.7580 


20.1 361 
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TABLE A.5 


GC CALIBRATION FOR N2-H2S MIXTURE 
ATTENUATION SCHEME II 


AREA RATIO 


x< 
"ou 


(100XH2S/N 


2) 


MOLE RATIO ( 100XH2S/N2) 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 


AO = 0.0215 


Al = 0.9468 


X MEASURED Y O08 
1.194 
1.212 
22196 
32619 


ie obs 


VARI ANCE 
STANDARD. DEVIATION 


MAXIMUM PCT ERROR 


9 


7 


REGENERATED 
SERVED 
1.084 

1. 1h 

2.060 

3.463 


5.083 


0.00 150 3 


0.038772 


5.175019 


DATA. 
Y CALCULATED 
1.067 
1.169 
2.016 
3.449 


5.100 


PG) 


FRROR 


1.542 


50195 


2136 


0.401 


0.336 
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TABLE A. 5( CONTINUED) 


GC CALIBRATION FOR N2-COS MIXTURE 


ATTENUATION SCHEME II 


x< 
wou 


AREA RATIO (100XCOS/N2) 
MOLE RATIO (100 XCOS/N2) 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 


AD = 0.0 3809 


Al = 0.72771 


REGENERATED DATA 


X MEASURED Y OBSERVED 
1.431 1.048 
1.571 1.168 
2.761 - 2.101 
4.526 3.343 
6.784 4.956 
VARI ANCE = 0.001131 
STANDARD DEVIATION = 0.033639_ 
MAXIMUM PCT ERROR = 3.022273 


Y CALCULATED 


1.080 


1.181 


2.047 
30331 


4.975 


PCT 


ERROR 
32022 
1.150 
2-538 
0.332 


0.389 
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TABLE A.w5( CONTINUED) 


GC CALIBRATION FOR N2-SO2 MIXTURE 
ATTENUATION SCHEME II 


AREA RATIO (100 XSO2/N2) 
MOLE RATIO (100XSO2/N2) 


a, 
Wott 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 
AO = 0.11839 


Al = 0.8469 


REGENERATED DATA 


X MEASURED Y OBSERVED Y CALCULATED PCT ERROR 
22 382 2117 22134 0.799 
3.998 3.554 3.500 beS25 
4.768 4.133 4.152 0.472 
6.452 59516 Se STE iel03 
72176 66232 6.189 0.692 

VARIANCE = (0.002294 

STANDARD DEVIATION = 0.047904 

MAXIMUM PCT ERROR = 1.525091 


a0 


AOARS 


PPT. 


hte ae 


S\.0 
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TABLE A.6 


GC CALIBRATION FOR N2-H2S MIXTURE 
ATTENUATION SCHEME ITI 


AREA RATIO (100 XH2S/N2) 
MOLE RATIO (100XH2S/N2) 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 
AO = 0.007 33 


Al = 0.89491 


REGENERATED DATA 


X MEASURED Y OBSERVED Y CALCULATED PCT ERROR 
0.742 0.638 0.672 5.338 
1.327 1,179 } ie Be) 1.351 
2.277 22138 2-045 4.357 
3.838 3, 396 3-442 1.270 

VARI ANCE = 0.093989 


STANDARD DEVIATION 


0.063159 


MAXIMUM PCT ERROR 


5.338395 


- 2Ye 
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TABLE A.6( CONTINUED) 


GC CALIBRATION FOR N2-COS MIXTURE 
ATTENUATION SCHEME III 


AREA RATIO (100 XCOS/N2) 
MOLE RATIO (100XCOS/N2) 


< 
wou 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 
AO = -0 .00149 


Al = 0.65325 


REGENERATED DATA 


X MEASURED Y OBSERVED Y CALCULATED PCT ERROR 
0.670 0.431 0.436 be t5S 
1.765 1.138 Rett 1.167 
3.188 Zeit 22081 1.598 
5.2212 3-388 3.403 0.458 

VARI ANCE = 0.000528 


STANDARD DEVIATION 


0.022987 


MAXIMUM PCT ERROR 


£.598227 
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TABLE A.6(CONTINUED) 


GC CALIBRATION FOR N2-SO2 MIXTURE . 
ATTENUATION SCHEME ITI 


AREA RATIO (100XSO2/N2) 
MOLE RATIO (100XSO02/N2) 


x< 
nou 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 
AO = 0.0 2466 


Al = 0.77038 


REGENERATED DATA 


X MEASURED Y OBSERVED Y CALCULATED 
0.338 06279 0.285 
0 2642 9-566 0.519 
L1eo92 © 1.247 1.328 
2.738 2-173 22134 
VARI ANCE = 0.003431 


STANDARD DEVIATION 


0.058579 


MAXIMUM PCT ERROR 


8.234605 


PCT 


ERROR 
1.979 
8.234 
62470 


1.824 
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TABLE A.6( CONTINUED) 


GC CALIBRATION FOR N2-CO2 MIXTURE 
ATTENUATION SCHEME ITI 


AREA RATIO (100 XCO02/N2) 
MOLE RATIO (100XC02/N2) 


< 
nou 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 
AO = Qs0SL9t 


Al = 0.86214 


REGENERATED DATA 


X MEASURED Y DBSERVED Y CALCULATED 
0.350 0.263 0.269 
0.694 0.570 0.566 
1.056 0.887 0.879 
1.697 1.347 1.353 

VARI ANCE = 0.000055 


STANDARD DEVIATION = 0.007439 


MAXIMUM PCT ERROR = 2.442953 


PGT 


ERROR 


22442 


0.625 


0.988 


0.438 
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CCG) CG) Onto) Gi Coty GIO Cl OC) CVC CLO GPE OOD OOO MO 


RR II KR KK KOK i ako ok 2k ok a a ak a a a ak a 2 a a a a aC a a aK aK aie aK ic ak ak aga ak ok aK a 


THIS PROG 
THE DIGIT 


ATION OF 
**X INPUT D 


NSET 
NCOPY 
NRUN 
NCROM 
IPEAK 


RTEM 
BTEM 
APRES 
V(1) 


te 
sk 
tk 
* 
* 
x 
* 
x 
aa 
* 
aa 
x 
x 
% 
* 
xX 
% 
Ba 
* 
* 
Ba 
x 
Pa 
* V(2) 

* ATNI1 

* ATN2 

* AR( 1) 
* AR( 3) 
oa 

* 


HE SK ERE FE EE HK OK 2 


DIMENSION S 
1,5) 

DATA SMV/22 
DATA SNAM/! 
1'TOXI','DE 
Z2' ON ',!DIO 
READ( 5,1) 
DO 2 ISET=1 
READ( 5,1) N 
READ(5,3) R 
STEMP=273. 
SPRES=760. 
RTEM= RTEM+ 
BTEM= BTEM+ 


CALCULAT 


*& 
~*~ 


MAINLINE GCCAL * 

* 

RAM REDUCES THE PEAK AREA DATA TAKEN FROM * 
AL INTEGRATOR TO CALCULATED RESULTS USEFUL* 


FOR THE INTERNAL STANDARD PROCEDURE FOR THE CALIBR-* 


THE GAS CHROMATOGRAGH 
ATA 


NUMBER OF SETS OF DATA 

NUMBER OF COPIES OF OUTPUT DESIRED 
CALIBRATION RUN NUMBER 

NUMBER OF CHROMATOGRAM TAKEN 

PEAK NUMBER CALIBRATED 

ee e 2=H2S 

eee 3=SN2 

ee eo 4=COS 

0 ee D=CN2 

ROOM TEMPERATURE(DEG C) 

WATER BATH TEMPERATURE(DEG C) 
ATMOSPHERIC PRESSURE(MM HG) 
DISTANCE BETWEEN PISTON AND END OF 
CYLINDER(CM) 

VOLUME OF CALIBRATION GAS(CU CM) 
ATTENUATOR #1 SETTING 

ATTENUATOR #2 SETTING 

AREA OF NITROGEN PEAK 

AREA OF CALIBRATION GAS PEAK 


% 3 3¢ He OH He OH He OH He OH HH HH HH HH eH HH HH se Ht 


FE RE A RIK 2 2K 2 RI I RE AR CK RK a I KA 3 A 2 2 aK aK 2k a aK aK aK ak aK 
NAM(454) 9SMV(5)_,V(2) 5 AR(5) sAVG(5),STORE(6 


402.10422176610,5 21901.634722417.51 3 22346.34/ 

HMYOR@ SM OGEN Ts) SUL, *FIDE',s*SULFS,"UR D*, 
ty CARB Ms ONYL ©. SUL*, *FIDE*, * CARB, 

Ae DES E7 

NSETyNCOPY »NPAGE 

yNSET 

RUN»NCROM, IPEAK 

TEM,BTEMzAPRES,V(1) 9V(2) ,ATNIZATN2 


STEMP 
STEMP 


ION OF SAMPLE COMPOSITION 
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eee (CONT'D) 


XMN2=(11.+151.2192*V(1))*STEMP/RTEM*APRES/SPRES/SMV(1) 
V(1)=(11.+151.192*V(1)) 

XMCAL=V(2)* STEMP/BTEM*APRES/SPRES/SMV(IPEAK) 

TOT M=XMN2+ XMCAL 

XMN2=XMN2/TOTM*100. 

XMCAL=XMCAL/TOTM*100. 

RMOL=XMCAL/ XMN2*100. 

KPEAK=IPEAK~-1 


READ AND PROCESS PEAK AREA DATA 


NCAT=0 

DO 4 T=1,5 

AVG(1I)=0.0 

DO 5 ICROM=1,NCROM 
NCAT=NCAT+1 

READ (5,33) AR(1),AR(3) 


CORRECTED PEAK AREA OF NITROGEN PEAK 


AR(1)=AR(1)*(1.76047*ATN2 + 12617312)¥*(0.17031*ATNI + 


* 1.07781) 


TOTA= AR(1)+ AR(3) 
AR (2)= AR(1)/TOTA*100. 


AR (4)= AR(3)/TOTA*100. 


AR (5)= AR(3)/ AR(1)*100. 


CALCULATION OF THE AVERAGES 


DO 6 IT=1,5 

AVG(I)= AR(1I)+AVG(I) 
DO 20 J=1,5 
STORE(NCAT,J)= AR(J) 
CONTINUE 

DO 7 {=1,5 
AVG(1I)=AVG( 1) /NCROM 
NCAT=NCAT+1 

DO 21 J=1,5 
STORE(NCAT,J)=AVG (J) 
NN=NCROM+ 1 

DO 23 IC=1,NCOPY 
WRITE( 6,17) NPAGE 
IF(NRUN=-1) 51,51,52 
WRITE( 6,37) 

GO TO 53 
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eee (CONT'D) 


52 WRITE( 6, 38) 

53 WRITE(6,10) NRUN,yRTEM,BTEM 
WRITE(6,9) APRESyV(1) 5 (SNAM(JyKPEAK) » J=194)9V(2) 
WRITE(6,11) XMN2y (SNAM( Jy KPEAK) 9 J=194) 9XMCALsRMOL 
WRITE( 6,12) 
WRITE(6,13) (SNAM(JyKPEAK) »J=1,4) 
WRITE(6,15) ((STORE( I,J) ,J=195) sI=1l NN) 

23 CONTINUE 

NPAGE=NPAGE+1 

CONT INUE 

FORMAT(515) 

FORMAT( 7F10.5) 

FORMAT(2F10.2) 

FORMAT( / 15X »'*CALIBRATION SAMPLE NUMBER! ,139///10Xy 
** SAMPLE PREPARATION CONDITIONS! //12X,'ROOM TEMPERATUR! 
Rete es cecweswwear ¢oteis’ DEG K's //12X, "BATH TEMPERATU! 
Mel RE earciaeinele diel ettale Ls. DEG K',/) 

9 FORMAT(/12X_9* ATMOSPHERIC PRESSURE cecece 'yFlely' MM HG! 
*y//12Xy" VOLUME OF NITROGENeccocccce 'sFlolyg!' CO%s//12X,y 
1* VOLUME OF * 54A4,_,'.e'yF5e1,' CC!) 

il FORMAT( //7,10X,_ "SAMPLE COMPOSITION (MOLE PERCENT) !/ 
MSI2Xs*NITROGBNaacccwcccce sf Beh y S//1L2K 7 4A4, Seca! p FBL4, 
1//12X,"100X MOLAR RATIOece 'sF8.4) 

12 FORMAT(//10X," INTEGRATOR AREA RESULTS (THE LAST SET ', 
T' iS THE AVERAGE )'/) 

13 FORMAT ( 19X_ *NITROGEN § 413X94A4_,9X_'100X'y//11Xy 
* © INTEGRATED! y6X,_'PCT OF',5Xy*INTEGRATED!' ,6X_,'PCT OF", 
17X,"AREA'/ 15X_y'AREA'y8Xq_!" TOTAL! 410X%_"AREA' 8Xy_' TOTAL! 
*, 6X," RATIO! /) 

15 FORMAT( 9X 9E13.693X 9F66296X9E136693X 9 F602y SXy Fl e4/) 

17 FORMAT('1'4///66X_'A='"ygI25//) 

37 FORMAT(20X," TABLE A.4' / ) 

38 FORMAT(20X,'TABLE As4(CONTINUED)! / ) 

CALL -EATT 
END 
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B-l. Differential Pressure Transducer: 


The electronic differential pressure transducer 
was calibrated using a pre-calibrated dry test meter 
with pure nitrogen flow at room temperature. A Foxboro 
6430 HF electronic consotrol recorder was used to record 
the pressure difference in the cell. The calibration 
data were obtained at three different feed pressure 
levels of 20, 25 and 30 psia and were fitted to the cal- 


ibration equation of the following form. 


2 
ag + a,x + a5X 


Yc 
where 


Y volumetric flow rate (SCFH) 


X Square root of percent reading on the recorder 


Agra ray = calibrated parameters 


by applying the linear least-square curve fitting techni- 
que assuming that the flow behavior was in the region 
between laminar and turbulent flow. The calibration re- 


sults are listed in Table B.1, B.2 and B.3. 


B-2. Feed Absolute Pressure Transducer: 


The Foxboro 611 AH absolute pressure transducer 
was calibrated at room temperature with pure nitrogen 
flow in the feed line using a mercury manometer as a ref- 


erence. The absolute pressure signal was recorded on the 
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TABLE Be. 1 


DP-CELL CALIBRATION 


(FEED PRESSURE AT 30 PSIA) 


22 
nou 


RECORDER READING (SQRT OF PER CENT) 
FEED FLOW RATE (SCFH) 


THE COFFFICIENTS OF THE POLYNOMIAL. ARE 


AO = -) .00814 
Al = 1.05586 
A2 = 0 .0000 3 


REGENERATED DATA 


X MEASURED Y OBSERVED 

9.920 10.492 

9.099 9.560 

8.075 8.502 

7.457 7.929 

6.066 6. 368 

4.528 4.790 

3.592 So771 

2.408 2.539 
VARIANCE = 0.001113 
STANDARD DEVIATION = 0.033366 
MAXIMUM PCT ERROR = 0.775749 


Y CALCULATED 


10.469 
9.602 
8.520 
7.867 
6.398 
4.773 
3.785 


22534 


PCT 


ERROR 
0.212 
0.441 
0.216 
0.775 
0.472 
0.342 
0.371 


0.173 
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TABLE Be 2 


DP-CELL CALIBRATION 


(FEED PRESSURE AT 25 PSIA) 


~< 
ou 


RECORDER READING (SQRT OF PER CENT) 
FEED FLOW RATE (SCFH) 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 


AO = 0.08793 
Al = 0.94999 
A2 = 0 .00099 


REGENERATED DATA 


X MEASURED Y OBSERVED 

9.894 9.403 

9.050 8.588 

7.937 1389 

6.892 6.559 

6.253 5.978 

4.950 4.762 

32249) 3-234 

2-387 22296 
VARIANCE = 0.001578 
STANDARD DEVIATION = 0.039724 
MAXIMUM PCT ERROR = 224426989 


Y CALCULATED 


9.390 
8.604 
72565 
6.588 
7eIS9 
4.1766 
Se V55 


22349 


PCT 


ERROR 
0.137 
0.188 
0.308 
0.445 
0.191 
0.086 
22426 


2-348 
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DP-CELL CALIBRATION 


(FEED PRESSURE AT 20 PSIA) 


~< 
“ou 


FEED FLOW 


RATE. (SCFH) 


RECORDER READING (SQRT OF PER CENT) 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 


AO = -0 .06161 
Al = 0.87416 
A2 = —0 .00 318 


REGENERATED DATA 


X MEASURED Y OBSERVED 

9.818 8.208 

9.311 72791 

8.438 7.098 

72964 50 91T 

5.899 4.990 

4.837 4.076 

3.479 ges i Es. 

2-998 1.778 
VARI ANCF = 0.090302 
STANDARD DEVIATION = 0.017382 
MAXIMUM PCT ERROR = 12195066 


Y CALCULATED 


8.213 
7.801 
7.087 
5.954 
4.984 
4.092 
2-941 


Le /38 


PCT 


ERROR 
0.069 
0.133 
0.145 
Veo 
0.116 
0.396 
0.892 


1.105 
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Foxboro 6430 HF electronic consotrol recorder. The refer- 
ence absolute pressure for the calibration was obtained 

by adding the barometric pressure to the mercury manometer 
reading. The calibration data were fitted to a straight 
line by means of a linear least-square fitting technique 


and the results are listed in Table B.4. 


B-3 Reactor Gauge Pressure Transducer: 


The reactor gauge pressure transducer (Statham 
PG-732TC-10-350) was calibrated in the same way as des- 
cribed for the feed absolute pressure transducer cali- 
bration. The data which represent the relation between 
the percent reading on the recorder and the mercury mano- 
meter reading was obtained after the reactor system 
reached steady state through which pure nitrogen was 
flowing. Since the normal operational condition of the 
reactor system was in the high temperature range of 
around 250°K, the reactor pressure transducer was cali- 
brated at elevated temperatures of 480°K, 500°K and 
560°K. A frequent malfunctioning of the reactor pressure 
transducer was found. Whenever any malfunctioning was 
detected, the transducer was checked and recalibrated 
for next runs. The results of calibration #1 were used 
for runs A, B, C, D, E and J. The calibration equation 
#2 was used for runs F and G, while the calibration equa- 


tion # 3 was used for other runs. The calibration re- 


sults are shown in Table B.5 through B.9. 
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TABLE B. 4 


FEED ABSOLUTE PRESSURE TRANSDUCER CALIBRATION 


X = RECORDER READING (PER CENT) 
Y= ABSOLUTE PRESSURE (MM-HG) 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 


AD = 744.61367 


Al 


12.71505 


REGENERATED DATA 


X MEASURED 


2-900 
5.900 
13.809 
20 .500 
29.400 
38.900 
52.309 


65.500 


VARIANCE 


STANDARD DEVIATION 


MAXIMUM PCT ERROR 


-Y OBSERVED 


781.100 


8 20 .500 


921.900 


1004.900 


1115. 500 


1237.200 


1413. 800 


1576. 300 


5.136350 
22266351 


0.296308 


Y CALCULATED 


781.487 
819.632 
920.081 
1005.272 
1118.436 
t2s3.2e9 
1409.610 


1577.449 


PCT 


ERROR 
0.049 
0.105 
0.197 
0.037 
0.263 
0.163 
0.296 


0.072 
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REACTOR GAUGE PRESSURE TRANSDUCER CALIBRATION #1 
(AT 480 DEGREE K) 


RECORDER READING (PER CENT) 
GAUGE PRESSURE (MM-HG) 


< 
io 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 
AD = 8.92106 


Al = 4.41818 


REGENERATED DATA 


X MEASURED Y OBSERVED Y CALCULATED PCT ERROR 
6.100 36. 300 re, Bihil Lie, BAD 
11.300 59.500 58.846 1.098 
22.150 10 6.900 106. 783 0.108 
35.150 163.300 164.220 0.563 
50 .509 230.700 232.039 0.580 
77.500 352.000 45:1).,3:310 0.190 
90 .600 409. 600 409.208 0.095 

VARI ANCE = 0.644358 


STANDARD DEVIATION = 0.802719 


MAXIMUM PCT ERROR = 12179151 
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TABLE B. 6 


REACTOR GAUGE PRESSURE TRANSDUCER CALIBRATION #1 


(AT 509 DEGREE K) 


RECORDER 
GAUGE PR 


~< 
ou 


READING (PER CENT) 


ESSURE (MM-HG) 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 


AD = 14. 52163 
Al = 4.33165 
REGENERATED DATA 
X MEASURED Y OBSERVED Y CALCULATED 
6.990 40. 500 40.511 
14.300 77.2100 76.464 
26.000 126. 600 127.144 
43.150 201.400 201.432 
58.800 269.100 269.222 
73.2500 332.600 332,597 
95.600 429.000 428.627 
VARI ANCE = 0.157432 
STANDARD DEVIATION = 0.396778 
MAXIMUM PCT ERROR = 0.824627 


ERROR 


0.028 


0.824 


0.430 


0.016 


0.045 


0.089 


0.086 
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TABLE Be. 7 


REACTOR GAUGE PRESSURE TRANSDUCER CALIBRATION #1 
(AT 560 DEGREE K) 


RECORDER READING (PER CENT) 
GAUGE PRESSURE (MM-HG) 


x< 
wou 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 
AO = 15.83784 


Al =- 4.32817 


REGENERATED DATA 


X MEASURED | Y OBSERVED Y CALCULATED PCT ERROR 
4.200 34.500 34.016 1.402 
11.500 66. 200 65.611 0.888 
17.000 89.600 89.416 0.204 
28.490 138.300 138.758 0.331 
39.700 186.700 187.666 0.517 
58.100 266. 400 267.304 0.339 
733200 333.000 332.660 0.102 
91.500 412. 600 411.865 O72 

VARI ANCE = 0.461480 


STANDARD DEVIATION = 0.679323 


MAXIMUM PCT ERROR 1.40 2393 
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TABLE B. 8 


REACTOR GAUGE PRESSURE TRANSDUCER CALIBRATION #2 


(AT 560 DEGREE K) 


~< 
wou 


RECORDER READING 
GAUGE PRESSURE (MM-HG) 


CPER “GENT 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 


AQ = Peeks 79 


Al = 4.05037 


X MEASURED Y OBSERVED 
15.100 63.000 
26.800 108.000 
33. 300 135.000 
39.000 160.000 
50 .000 207 .000 
61.6090 254.000 
63. 300 261.000 
80 .809 326.000 
92.200 374.000 

VARI ANCE = 

STANDARD DEVIATION = 2.283985 


MAXIMUM PCT ERROR 


REGENERATED DATA 


5.216590 


2.188647 


Y CALCULATED 


62.974 
110, 363 
136.691 
B95 he 
204.332 
Ze 3bG 
258.202 
329.053 


af 5.298 


ERROR 
0.040 
2-188 
Be252 
0.138 
1.288 
1.056 
1.071 
0.945 


0.336 
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TABLE Be. 9 


REACTOR GAUGE PRESSURE TRANSDUCER CALIBRATION #3 
(AT 560 DEGREE K) 


< 
wou 


RECORDER READING (PER CENT) 
GAUGE PRESSURE (MM-HG) 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 


AO = 27.66422 


Al = 4.19851 


X MEASURED Y OBSERVED 
20 .000 112.000 
31.700 161.000 
42.800 207.000 
47.800 231.000 
54.000 252.000 
64.000 294.000 
83.000 378.000 

VARIANCE = 

STANDARD DEVIATION = 1.918356 

MAXIMUM PCT ERROR 


REGENERATED DATA 


= 1.145756 


3.6800 93 


Y CALCULATED 


111.634 
160.757 
207.360 
228.353 
254.384 
296. 369 


376.141 


ERROR 


0.326 


0.150 


0.174 


12145 


0.946 


0.805 


0.491 
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B-4. Thermocouples: 


The thermocouples for measuring the reactor inlet 
and outlet temperatures were calibrated using a platinum 
resistance thermometer as the temperature standard ina 
fluidized sand bath at the instrument shop. The cali- 


brated results are shown in Table B.10 and B.1l. 


B-5. Water Feeder: 


The syringe pump for water injection (Sage model - 
355) was calibrated by a gravimetric method. The flow 
range of the syringe was set at the scale of 1/100. The 
water sample was received in a 5 ml weighing bottle. To 
eliminate evaporation loss during the calibration period 
a capillary tube stopper was used to connect the syringe 
outlet to the weighing bottle. The weight of the sampled 
water received for a certain time interval was converted 
to the volume of water by dividing it with its density. 
The data for water density (1) was corrected for differ- 
ent temperatures as shown in Table B.12. The calibration 


results are shown in Table B.13. 


1. Perry, J.H., "Chemical Engineers Handbook", 4th ed., 
New York, 3-70, 1963. 
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TABLE B.10 


THERMOCOUPLE CALIBRATION FOR REACTOR INLET TEMP. 


RECORDER READING (MILLIVOLT) 
TEMPERATURE (DEGREE CENTIGRADE) 


x 
woot 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 
AO = 1.40878 


Al = Te FUUSZ 


REGENERATED DATA 


X MEASURED Y OBSERVED Y CALCULATED PCT ERROR 
1.0 34 20 -510 20.342 0.814 
20075 37.950 39.405 32834 
72970 149.350 147.351 1328 

14.211 261.510 Fels tM G Fol 0.047 
20 6254 371.610 2 a2 0.183 
26.238 481.960 481.866 0.019 

VARI ANCE = 14325184 

STANDARD DEVIATION = 1.151166 

MAXIMUM PCT ERROR = 34834459 
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TABLE B.11 


THERMOCOUPLE CALIBRATION FOR REACTOR OUTLET TEMP. 


RECORDER READING (MILLIVOLT) 
TEMPERATURE (DEGREE CENTIGRADE) 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 


AO = 2251827 
Al = 18.2165) 
REGENERATED DATA 
X MEASURED Y OBSERVED Y CALCULATED PCT 
1.034 20 -510 21.354 
1.949 37.2950 38.022 
7-969 149.350 ) 147.685 
14.234 261.510 261.812 
20-296 371.610 3726240 
26.309 481.960 481.776 
VARI ANCE = 0.802073 


STANDARD DEVIATION = 0.895585 


MAXIMUM PCT ERROR = 4.115689 


ERROR 
4.115 
0.190 
1.114 
0.115 
0.169 


0.038 


228 


- ; 2 " © — > 
acc ie (Ps, 2s, See 
‘ : > 
AY 
rc 
a i 





~amMaT T34zuD ADTIAIA na woitanat saa | ae 
i ; rm 7 


° | ryev1 -ovpoaais ae fee! 
MIOASOTTHID 9FRO3O) : ecugsa x 
BRA IAT MOY JO ot 30 chelsea 


 ¥sone.s ae 
” gate ry 
















~ ATG oaTAsaWsarA Lo 
s0as3 729 GaTANUIIAD ¥Y > Gavnezeo -¥ 
(fee | ~ Beare ‘_ oe Le. 0S : 


0°76, $$0 8€- i Yer 02? re : 

. "ay 

Oitel, = 288.781 ~ > CREE 
: » 2 . : 9 Pus ue 
2414.0 S18 fas <O8@.f8S + r 
- s 7 t ; we a> p 


Pd.0 005.816 2 [cae eee 


j 
‘ imi es 4 4. oe, " . 


229 


TABLE B.12 


CALIBRATION OF WATFR FEED PUMP 


ADJUSTMENT READING (PER CENT AT 1/100 SCALE) 
FEED RATE (CC H20/HR?) 


x< 
wou 


THE COEFFICIENTS OF THE POLYNOMIAL ARE 


AO = 0.31009 
Al = 0. 520 32 
REGENERATED DATA 
X MEASURED Y OBSERVED Y CALCULATED PCT ERROR 
10 .000 5-388 SS he gk a poo sh 
20 2099 19.849 10.716 Leses 
30 000 16.107 bi he I oe 1.165 
50 2999 25A9935 26.326 1.279 
70 .000 36.869 36a (F2 0.371 
VARIANCE = 0.049418 
STANDARD DEVIATION = 0.222303 
MAXIMUM PCT ERROR = 2.315128 
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TABLE B.13 


DENSITY CORRECTION OF FEED WATER 


= FEED WATER TEMP. 
Y = DENSITY OF WATER (GM/CC) 


(DEG. 


THE COFFFICIENTS OF THE POLYNOMIAL ARE 


AD = 1.00 244 


HH} 


Al 


—Ve00 22 


REGENERATED DATA 


X MEASURED Y OBSERVED 
10 .999 0.999 
15.000 6999 
20 2999 0.998 
25.000 Ong 
30 2.099 2995 
35.000 0.994 
VARIANCE = 0.000000 
STANDARD DEVIATION = 0.000346 
MAXIMUM PCT ERROR = 0.043511 


Y CALCULATED 


1.000 
OEIS9 
Oi Be a | 
0.996 
0.995 


0.994 


of ot 


ERROR 


0.043 


0.010 


0.034 


0.033 


0.007 


0.041 
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APPENDIX C 


DERIVATION OF EQUATIONS FOR ADIABATIC REACTION PATHS IN 


THE FRONT-END BURNER 
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C-l. Adiabatic Reaction Path in the Front-End Burner 


Section (1): 
The oxidation reaction between H.S and air to form 


2 


SO, and H50 is assumed to be the only reaction to occur 


in the burner section (1) in Figure 6. 


AH 4 gg (1) 
HS + 3/2 oP A ——» SO. + H,0 
No. of moles, initial: S La 0 0 
final: (3-X) Stl) X Pi 


ieee aol) 

where X is the number of moles of HS converted to Soh 
Since the adiabatic condition during the reaction 

period in the burner may be assumed, the total enthalpy 
of the system should remain constant before and after the 


reaction. Then the following energy balance equation can 


be written by referring to Figure 6. 


298 
3nG +1.5C + (5.64 + .2)°6. tic } dT + X*AH 1 
T 2 2 2 2 
1 
T, 
+ {(3-X) C + 1.5 (1-xX) C + (5.64 + Z) C +xXcC 
Poy S Poo Pow Poo 
298 2 2 2 2 
+xXC +¥C pees Sg Plt) ene (A.2) 


Ree ree 
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where Y and Z represent the number of moles of co. and 
the excess nitrogen present in the feed stream as inert 
gases. 


The heat capacity of the gaseous component i may 


be described as a function of temperature (70) such as 


5 ne 
SE Pe Ce te eer bee (A.3) 


g j=1 13 


where A; = temperature coefficients for the thermodynamic 


property function 


and a oe SEOs HS 
LW? As, ECO sO, 
iL Sy 34for S¢ 
dite e for S¢ 
wa~ 5 tor S5 
tae. 6. LOY H,O 
yy ents ee oh N, 
Lo, 6. LOL H, 
Lea) SOL 0, 
i= 10: ‘for CO. 


Then equation (A.2) can be integrated to give 


(A. 4) 


Ww 


conversion in the burner section (1) = 


° 


where X = Ry * FHT/{ AH, 9g (1) - Ry * PHEAT} (A.5) 
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FHT = 
j 


i mu 


. . . ae * EX Pos eS 
’ (Ay, +1.5 Ay, + (5.64 + Z) Aj, +¥ Ajo, ) 


TE 2) Re et a RE | (A.7) 


PHEAT = 13 94 24 64 


j 


Wo Mot 


1 


The computer program BURN] was used to solve the 


above equations and also listed. 


C-2. Adiabatic Reaction Path in the Front-End Burner 


Section (2): 


In the burner section (2) in Figure 6, the reac- 


tion between HS and SO, occurs according to equation 


(A.8) following reaction (A.1) in the burner section (1). 


°o 
AH 59 (2) 3 
2 H,S + SO. ——— 2 H0 + 5 S, 
No. of moles, initial: 2 1 rE 0 
final: 2 (1-x) (1-X) (1"2xX)"" Fe5xX 
eeeeeevee (A.8) 


where X is the conversion of H,S to elemental sulfur. 
Furthermore the association-dissociation reactions 
between sulfur species are assumed to occur simultaneously 


with reaction (A.8). 
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° 
AH (8) 
3 298 
So ot 5; (A.9) 


(1-v)-v,) (1.5 X) v, (1.5 xX) 


oO 
AH 599 (9) 


4s ee 
i 4 
(A.10) 


(I-v)-v5) (1.5 X) Vo (1.5 X) 


Then the following energy balance equation can be 
derived by referring to Figure 6 on the basis of the adia- 


batic condition of the reaction system within the burner. 


298 


if T2200 ae & 0G G5. Ge 7, aC OG } dT 
Poy S Poco Poy O Poy Psa9 


T, 2 2 2 2 2 


° ° 


+ 2 XeAH ror v, (1-5) AH, gg (8) 4 v, (1.5%) AH, 99 (9) 


298 
a 


3 
+4 {201-x) Cc 
{ Poy g t CX) Co + (42x) C+ (1-v vy) 1.50, 


Li i 
> > > 
298 2 50, H,0 So 


, + (5.64+ + = 0 
+ v, (1.5X) Cort Vy (1. 5X) c. (5.64+2Z) oe TAC } dT 


> > > Ps 
56 Se Ny co, 


By the same procedures as in (C-1) the following results 


can be obtained. 
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Total conversion in the front-end burner 


= (1 + 2x)/3 (A.12) 
where 
X = R, - FHT/(DH - R, + PHEAT) (A.13) 
Oi teat 21, ae Cee Ey YALA Poa ) 
j=1 13 23 , 7j 10j 6j j 
a Ge @late oe (A. 14) 
DH = 2 AH, 9g (2) of LESH: AH, 9, (8) FES! ONT AH, 9g (9) 
a ¢ 6b e* as (And) 
2 2 ay 
PHEAT BS {2 AD; + Ay; - Aes = 1.5 (1-v,-v,) AS - 0.5 M.° Ang 
298) - sh 
750-373 Vay? A, Coe eg ee (A.16) 


J 


A listing of the computer program BURN2, used to 


solve the above equations, is included. 
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WE AE EC CC RE a OC OK OK OK IC IK CC a OK Ok OK OK RE OK IE OIC OI OK OK OK IK OK 2 OK OK OI OK COI OK OK oie Ok 2k i KOK Ok OK 2k OK OK ok 
* 


MAINLINE BURN1 * 


* 
THIS PROGRAM COMPUTES THE ADIABATIC REACTION PATH x 
IN THE FRONT-END BURNER SECTION (1) OF A CLAUS UNI T* 


PT TOTAL PRESSURE IN MM HG 


* 
* 

¥ 

x 

* 

* ACCORDING TO REACTION (1.1). * 
* **K 
% N = NUMBER OF COMPOUNDS IN THE REACTION * 
* MIXTURE * 
* A = TEMPERATURE COEFFICIENTS OF A THERMODYNA-* 
* MIC FUNCTION FOR HEAT CAPACITY( FOR LOWER * 
* THAN 1000 DEG K) * 
* AA = TEMPERATURE COEFFICIENTS OF A THERMODYNA-* 
* MIC FUNCTION FOR HEAT CAPACITY(FOR HIGHER* 
* THAN 1000 DEG K) * 
* ¥ = NUMBER OF MOLES OF CARBON DIOXIDE IN THE * 
* » FEED * 
* Z = NUMBER OF MOLES OF EXCESS NITROGEN IN * 
* Loe Pee * 
* TFD FEED TEMPERATURE * 
* * 
* xx 
* 3K 


So a oo kak a ak ak ak ok aki ai a ok ak aka ak ak ac oi ak a aK aa ak 2k ak 


DIMENSION A(20,%5), LO eA) eT RT DY 
10( 20,5), TPP(5) 
READ(5,1 ) N 
1 FORMAT (115) 
DO 3 I=1,N 
3 READ( 5,5) (A(I,J),J=1,5) 
5 FORMAT( 5€15.7) 
DO 4 T=1,N 
4 READ (5,5) (AA(I,J)9J=195) 
READ( 5,8) Z,Y 
8 FORMAT(2F10.5) 
WRITE( 6,10) 
10 FORMAT(1H1,25X,'ADABATIC TEMPERATURE-CONVERSION 
* CALCULATION! ) 
TR(1)=1000. 
DO 77 I=1,4 
77 TR(I+1)=1000.*TR(I) 
DO 88 NN=1,13 
XX1=0. 
TFD=300.+ 50.*NN 
WRITE(6,11) TFD 
11 FORMAT(///28X,* INLET TEMPERATURE = ',F6.21/) 
WRITE (6,101) 
101 FORMAT(30X,"EXIT TEMP.',5X, 'CONVERSION!',15Xy'DX/DT'/) 
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2uAI3 A 20.41) WOITOI2 AIMAUE owa-THona 3HT UL * 
AEeL) MOTTIAIA OT 
AIA BHT V 2OMUINGMOD 30 ajaMuUM. = 
JAU PRIM - 
OMAIHT A AO 2Twa12199302 JAUTARSIMST 
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eee (CONT'D) 


TF(1)=TFD 
TT(1)=298. 

DO 78 IT=1,%4 
TF(I+1)=TFD*TF(I) 
TT( I+1) =298.*TT(I1) 
DO 99 NC=1,390 
TPR=TFD+50.*NC 

FHT =@, 

PHEAT=0. 

TP(1)=TPR 

DO 31 I=1,4 
TP(I+1)=TPR*¥TP(I) 
DO 74 IT=1,5 
TPP(I)=TP(I) 

DO 81 I=1,N 

DO 81 J=1,5 

C( 1, J)=A(I_J) 
IF(TPR-1000.) 64,64,55 
DO 61 J=1,5 
TP(J)=TR( J) 

L=1 

DO 22 J=1,;5 
FHT=FHT+(3e*C( lo J)+1-5¥*C(9,J5) +(5.644+2)%*C(7,/5) +Y*C( 10 


Le PPR OTROS) —- TEAS SS 


PHEAT=PHEAT +(C(1,J)+1-5*C(9,J) -C(2,J)-C( 6,5) ) ¥(TP( J) 


*—FET(C SIDS 


IF(TPR-1000.) 91,91,92 
IF(L-1) 93,93,91 
DO 95 IT=1,N 

DO 95 J=1,5 

C(I, J)=AA( I,J) 
DO 39 T=1,5 
TT(I)=TR(T) 

TFC I)=TR(I) 
TP(I)=TPP(1) 
L=L+1 

GO TO 64 


CALCULATION OF CONVERSION AT THE EXIT TEMPERATURE 


X1=1.987*FHT/(123924.9+1.987 *PHEAT) 
DXDT= (X1-XX1)/50. 

XX1=X1 

WRITE(6,102) TPRyX1_,DXDT 
FORMAT(30X,F10.195XyF1023,20X,E12.5) 
IF(X1-1.0) 96,96,88 

IF(TPR-1000.) 99,99,94 

TF(1)=TFD 

TT(1)=298. 

DO 777 I=1,4 
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; oe 


eee (CONT'D) 


TT(1+1)=298 .* TT(1) 
777 “TFC I+1)=TFO* TF (I) 
99 CONTINUE 
88 CONTINUE 

CALL EXIT 

END 
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WE HE HE HE IE HE HE BEC FS MEIKE EC AE AE DE OK FE FE EH OE DE IS IE CE OK HE IS OE OE IK OC OIE OIE KC SE BIS IK OIE DKK AIK OK IK AK ISIC OKC OK 2S 2} 


*K *K 
* MAINLINE BURN2 os 
xk * 
* THIS PROGRAM COMPUTES THE ADIABATIC REACTION PATH * 
* IN THE FRONT-END BURNER SECTION (2) OF A CLAUS UNIT* 
* ACCORDING TO REACTION (1.22) ASSUMING EQUILIBRIUM * 
* DISTRIBUTION OF SULFUR SPECIES * 
xx x 
* N = NUMBER OF COMPOUNDS IN THE REACTION ** 
x MIXTURE x 
** A = TEMPERATURE COEFFICIENTS OF A THERMODYNA~* 
* MIC FUNCTION FOR HEAT CAPACITY( FOR LOWER * 
* THAN 1000 NEG K) * 
* AA = TEMPERATURE COEFFICIENTS OF A THERMODYNA—* 
* MIC FUNCTION FOR HEAT CAPACITY(FOR HIGHER * 
* THAN 1000 DEG K) * 
> Y = NUMBER OF MOLES OF CARBON DIOXIDE IN THE x 
* FEED x 
ok Z = NUMBER OF MOLES OF EXCESS NITROGEN IN * 
* $e FEED * 
** DHa@= HEAT OF REACTION IN H2S-SO2 REACTION * 
** ioe heats OFeREACTION IN 3582-S6 REACTION * 
* DH4 = HEAT OF REACTION IN 482-S8 REACTION me 
* TAD = "FEED - TEMPERATURE *K 
** rl = TOTAL PRESSURE IN MM HG * 
x * 
HE AS DK DK IS AE IE IE DIS DIS DI DK AIS BIE OK IE SICA IK AK DIS OE OE OK BKK IS DIK BE OK AE OE DIE IK OK DIE DIE 2 OK IS A DIK IS DIK IK OK OIE DIS SIS OE IE IS OIE DIS 2 


DIMENSION A(20,5),AA(20,5),TF(5) 49 TT(5)_TP(5),TR(5) y 
LERT ECS) sFHTH (5) 5PHTLU5).PHTH(5) 
READ(5,1 ) N 
1. JEORMSA fa) 15) 
DO 3 IT=1y,N 
3 READ(5,5) (A(TyJ)9J=1,5) 
5 FORMAT( 5E15.7) 
DO 4 I=1,N 
4 READ (5,5) (AA(I9Jé)5J=195) 
TR(1)=1000. 
DO 77 T=1s4 
1? TRUS y= L000 ee TR (CP) 
DO 88 NN=1,23 
READ(5,8) ZY yDH2,DH3,NDH4 
8 FORMAT(5F10.2) 
WRITE( 6,10) 
10 FORMAT(1H1,25X»y 'ADABATIC TEMPERATURE-CONVERSION 
* CALCULATION!) 
READ(5,54) TFD,PT 
54 FORMAT( 2F10.2) 
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eee (CONT'D) 


WRITE(6,11) TFD 
11 FORMAT(///28X," INITIAL TEMPERATURE = ',F6.1/) 
WRITE (6,101) 
101 FORMAT(30X,"*FINAL TEMP',5Xy_ CONVERSION! ,15X,_'DX/DT!/) 
XX2=0. 33333 
TF(1)=TFD 
TT(1)=298. 
DO 78 J=1,4 
TEC 1T+1)-=TFD* TF (1) 
78 TT(I+1)=298 .*XTT (1) 
DO 600 J=1,5 
FHTL( J) =20e*A(1lyJ) tA(293)4+(52644Z) *A(7T JS) +Y*A(10—J) 
*+A( 6, J) 
600 FHTH(J)= 26 *AA( 1,5) +AA( 2,5) 4+( 5.66442) *¥AA( 7,5) +Y*AA( 10 
*y J)+AA(65J) 
M=1." 
DO 99 NC=1,30 
TPR=TFD+ 10. *NC¥(—1.) **M 
FHT, =0¢ 
PHEAT=0. 
TP(1)=TPR 
DO 31 I=1,4 
31 TP(I+1)=TPR*TP (I) 
PS2=PT/760. 
CALL FREM(PS2, TPR _XN1_XN2) 
DH=2.-*DH2 +125* XN1 *DH3 +125%* XN2 *DH4 
DO 500 J=1,5 
PHTL( J) =2e*A( Le JIFA( 29 J) —20*A(69JS) —-1Le 5¥( 1 e-XNI-XN2) ¥*A 
1(5,J5)-0. S*¥XN1*A(45J5)-0-375*XN2*A (35 J) 
500 PHTH(J)= 26*AA(1,J)+AA( 29 J) -2e*AA(65 5) —-16.5%*(1.-XN1—XN2 
1)*AA( 5, JS) -O0. SX®XN1*AA(4 55) -06 375*XN2%AA( 3,5 J) 


FOR BOTH TFD AND TPR LOWER THAN 1000 DEG K 


IF (TFD-1000.) 335473355426 
Som 1 (1 PK=21000%) 326,336,691 
336 DO 337 J=1,%5 
FHISERTEERI LES) ATP UJ)—-TPU)) 7d 
337 PHEAT=PHEAT+PHTIL(J)*(TP(J)-TT(J) )/d 
GO TO 91 


FOR TFD HIGHER THAN 1000 DEG K AND TPR LOWER THAN 
1000 DEG K 


426 IF(TPR-1000.) 427, 427,560 
427 DO 428 J=1,5 
FHT=FHT+(FHTH( JP *(TFE(JY=TR(J)) +FHTL( J) EC TRIS) TPC) )) 
*/ J 
428 PHEAT=PHEAT+PHTL(J)*(TP(J)-TT(J))/J 
GO TO 91 


elt TiANIS Y° 
(O'TVOD lees 






































f | 7 “ 
.s . . TAT ths vavatiaw 4 
\fed%e" = GANT AAAIMAT JALTIMD AOS EVLMEARRRS set 


; (1OL-ea) 
\ TONXG' @X2Ly !MOT2 RIVA RS, PAMST AMT SRE Let. 
; hued k GEESE .OSSKX ee 
jet Rectal elk jg (at 
iv one ra 8@S= See city 


” 


delet af 00 a c 
(147 ag aT= 41 414aT - 
CPD TT 8. 8OS= (£41 TT ay q 
i . “yin aera Sigil ty OOS BO Wate 
ARVs (Ly TASES HHO e PHL, $1 he (bef Tae eSA(LDITHR, 
oP: Ls Sele) Ase Se 
L eT YARH(S 400—8 OL SPA A+ by DAMP $ =(UIHTHA 00d 
ee” Sah PEs Cab at eae 
, + J faa 
. .08etso" ee on Y 
a akondoree gp bess 
7 BS -O= TH? ae 
. Sthty Hh ¥, 
2 tebe 9t-RereST 
> ea Oeket 18 00) 
Ae “ “(iar eagte (eet ray 
| ; (us “O@TATI=S29 i 
(SUX _ IMK EAST «S29 IMARA JAD 
SHO* SUK *2ef+ EHG* LK He of +, SHO# S$ 
| =) Se we 
AX (SUA~TMK- : ad ca ae S)AbC Let JAR ESE (L 
yg e€ jax SWAN ETE» Detail Maas 20: “thy 
SVX=—{[VK~-. 1) *C, had soe sa* (LeSJAAF+ (Le PAAR 6S ath an 
TRE £ )AARSUXS ‘aves O— (Lit) AN SR ect dea 


y 330 0004 ‘WAHT AIWO J. AaT ona @57 Hida A oF" es 


ww 
a ha ee 


ne ae 


5 OSA, zee ae t (:0001-03T ua 

-) [Pe—AeE EE | (OORT Mt 

Pino 
scabs ised ec. 47 As 


VAHT S5WOI aat bast a 230 0008 ani 


ad 
"i 


¥s parca 7 aie nae 
‘ , ‘eae na TT OT ym *) Ha 47 
: eS . BY") e au id + Ae i‘ Live ia ae y 4 ey). 


ee 


a 












» 
Pane 
. ¢ Ad 4 F 


eee (CONT'D) 


C FOR BOTH TFN AND TPR HIGHER THAN 1000 DEG K 


560 DO 561 J=1,5 
FHT=FHT +(FHTH(J) *(TF(J)-TP(JU))) J 
561 PHEAT=PHEAT +(PHTH(J)*(TP(J)-TR(J)) +PHTL(J)*(TR(J) 
*=-TT( JI) 75 


GO TO 91 
C FOR TFD LOWER THAN 1000 DEG K AND TPR HIGHER THAN 
C 1000 DEG K 


691 DO 692 J=1,5 
FHISPHT +tePRIM(JIe(TREISI-TPII)) +FHTLO J) S(T RUS) 
w= TR PL ee 
692 PHEAT=PHEAT +(PHTH(J)*(TP(J)-TR(J) )+PHTL(IJ)*( TRIS) 
mee TT Ca is a 


C CALCULATION OF CONVERSION AT THE EXIT TEMPERATURE 


91 X2=1.987*FHT/( DH —-1.987 *PHEAT) 
X2=0. 33333+2.*X2/3. 
DADT = Um ARe 10 * (= Le) FFM) 
XX2=X2 
WRITE(6,102) TPRyX2,NXDT 
192 FORMAT( 30XyF10.195X9F10.23912X,E12.5) 
TFC TRD+950..) §1000,999,999 
1000 M=2 
GO TO 998 
999 M=1 
930 Tho UK2=1.0) 599929758 
99 CONTINUE 
88 CONTINUE 
CALE EXT 
END 
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ESTIMATION OF EFFECTIVE DIFFUSIVITY 
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D-2. Molecular Diffusivity of SO,: 


To estimate the molecular diffusivity of SO, 


through No, Wilke-Lee correlation (1) can be used. 


(0.00107 - 0.000246 | - 7 i) p3/2 ahd sages 
Pana wih. iy tis Metout a Caoenney oy. 
2 


Pap = 
m ht) DLT, 
Het hetaieie a tas as) 
where 
M, = molecular weight of SO, = 64 
Ma = molecular weight of Ny = 28 
é rn + ra 
rapR = collision diameter, A = 5 
pel for sol eae 290% A 
A 2 7, 
° 
rp for N, = oeGoL, A 
F ' : : kT 
I_ = collision integral for diffusion = — (— ) 
(2) 
€ E € / 
Seats K % Wiel 252) 151.8486 
At 
T= 550°, 
ete ees 612; ‘then Ta ~ 0.45 
SAB 
For m= 1550°K,. 7 = 1 atm, 


Shue bee cCeRs) andslee, Cov.ik 6 EC, 47, 1253 (1955),. 


(2) Perry, J.H.; "Chemical Engineers Handbook" 4th ed., 
14=20,21, 1963. 

















. ; : 
bees ed asp (1) mots sien 300 per-osl iW a pound. 
“sa 0 Die age ae nc 
ae : xi | — (a E +e | 348600.0 - - ‘youd. ne gee 
gf 
at on aie ee ; ie 
3 ; ene Mes: < 
(f.a) alt <a ee. ‘ res we 


bd = 02 to Rsn 3s shipootom> ae 


es - hf ore steiow xeiveaion = ee 





‘gy 
Ce ea - = 

° . a 4 a og 
KB oes bs = one a Je i ot. 
; rele Bac me Bi 










=> 


4 
_' 


pe 


- 


me 


- 


(Sy es nokat2ib 103 sexeoont coteisioe * Pp he ; 
“a | | Hania ay ‘3 a ae 


‘ ont 3/2 
0.00107 - 0.000246 | 55 + <4 } (550) =x + 


a (3.9855)* (0.45) 


I 


0.4215 cm/sec 
The above estimated value was used as the molec- 


ular diffusivity of SO, in the Claus reactant mixture by 


2 


assuming the Claus feed gas as a binary mixture of SO. 


and N,. 


D-2. Knudsen Diffusivity of SO,: 


From equation (2.23) 


1 
2 


: ) (2 .23) 


Daa 9>7~—x 10 Ry ( 


oes 

My 
° 

where R, = average radius of a pore = 80 A from the data 


of Chuang (18). 


Then at T = 550°K 


v 
Sci ae 


5 =o 
Porn reese Uo), CBO see) ) (=—q) 


oO 
Il 


KA 


O022 75 em”/sec. 


D-3. Effective Diffusivity: 


To estimate the combined diffusivity, equation 


(2.21) can be used, 
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l-ay 
sea (2.21) 
AB KA 
where 
we 
O' Neaeng A= 0 by assuming N, component is stagnant. 
A 
Then 
1 iL af i 1 
— 2 + —— = + = ==) «46.3285 
D DAB Den 0.4215 0.02275 
or 


D 


0.02158 cm2/sec. 


Now the effective diffusivity can be estimated by 


applying the parallel pore model or equation (2.20), 


D, = D(=) (2.20) 
where 

€ = void fraction of a catalyst pellet, taken as 
0.35, 

tT = tortuosity factor, taken as 4.0. 
Then 


Dee (0.02158) (f°2>) = 0.001888 cm/sec. 
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E-1l. Modeling Equations: 


General modeling equations are presented in 


Chapter III. 














2 
ac Ak ac 
Ae nM am £ 
Ve —— + (C= C= 10 = 0 (3.8) 
int dZ Ep £ s L az 
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E-2. Simplification of Modeling Equations: 


i) Assume the axial dispersion is negligible compared 
to the convective mass transfer due to bulk motion, 
then the last term can be neglected in equation 
(3:8). 

ii) Assume the axial conduction through catalyst pellets 
is negligible compared to the convective heat trans- 
fer due to bulk motion in the fluid phase, then the 
last term in equation (3.11) can be neglected. 

iii) Assume adiabatic condition in the reactor system, 
then the last term in equation (3.9) can be neglect- 
ed. 

iv) Assume the stoichiometric feed ratio of HS and SO,, 
then the reaction rate expression can be rearranged 


by the following relations. 


E = Pp ec ter2* ¢P =e ) 
O,1 eats SO, 


where the subscript i represents the initial condi- 
tion in the feed stream. The reaction rate expres- 
sion, therefore, becomes 


x 4P Te) 
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Now introduce dimensionless variables to simplify 


the general modeling equations with the above assumptions. 


Let 
a 
L = ? (E.2) 
ey aa eg Coes C 
afd ge 
a Des ee Tae Ben ts ey 
, e 
. Tey . Tei 
Then 
Ce = Ces (1 - X-) Cc. = Cea (1-X,) (ESS) 
Peer Leyes Tarset a (li —-@.) (E.6) 
By combining equations (3.8) and (3.9), 
An kn (C. - Ce) AH - Ay h wre ve Te) = 0 
or 
FR hg as Ge 
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By using equations (E.5) and (E.6), equation (E.8) 
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Equation (3.6) can be described in terms of conver- 


sion by employing equation (E.5). 
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By introducing equation (E.9) to equation (E.11), 
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Now equation (3.8) can be described in terms of 
conversion only since 8 and T, can be expressed in terms 
of conversion. 
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The computer program MODEL, used to solve equations 


(3.12) and (3.13) simultaneously, is listed. 
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xc 

* —PHASE MODEL 
* AL - 
a 

* 

x AH = 
sk 

* PT - 
* DP = 
kK, 02 = 
x EB = 
* DB = 
*  DENSP = 
* DE = 
* XL - 
*  XHS = 
* XHO = 
* XSO = 
* XS = 
*K VS = 
i OUT = 
ok 


THIS PROGRAM IS USED TO PREDICT THE PERFORMANCE OF 
A CLAUS CATALYTIC REACTOR BY A ONE-DIMENSIONAL TWO 


BE ASAE AS AE IEE IE CC EI NE KK ROIS CE OE OK FC OE AIK OK HK AE A FC IC A OK FIC IS IE OIE IS EK IC OE IK IC OK SOK OK OIC OIE OK OK OK 


MAINLINE MODEL 


HH HHH HK 


TEMPERATURE COEFFICIENTS OF A THERMODYNA-* 
MIC FUNCTION FOR HEAT CAPACITY(FOR LOWER * 
THAN 1000 DEG K) * 
TEMPERATURE COEFFICIENTS OF A THERMODYNA-* 
MIC FUNCTION FOR HEAT CAPACITY(FOR HIGHER* 
THAN 1000 DEG K) - 
TOTAL PRESSURE OF SYSTEM(MM HG) 
ULAMETER OF CATALYST PARTICLE(CM) 
INCREMENT OF INTEGRATION 
POROQCLLY* OF BED 

DENSITY OF BED 

DENS hy OE CAPALYS. PARTICLE 
EPEEGULVE. DIFFUSIVITY (CM*S*2/ SEC) 
TOTAL DEPTH DF BED 

MUSESTKACTION OF HZ2S IN THE FEED 
MALES PRACTION ‘OF H20°> INTHE FEED 
MoCeernnGi.on. OF S02 IN THE FEED 
MOLE FRACTION OF SX IN THE FEED 
SUPEREACIALS VELOCITY OF FEED 

FEED TEMPERATURE 


Hs HHH 3H He He se Ht tH He 


iv 
w 


HE DEAE BIE BE AE EE IC KE EE AE KK AK AE OK IE IC KC OKC OK FS BIE OK DE IE IE AE AE I OS FE TIS EOS OK I A IE SE IS IC OKC OK KK IE IE OK OK 


DIMENSION TT(5)yTR(5)_ ALC 795),AH( 7,5) 
COMMON AL,AH 


READ (5,12) 
FORMAT( 112 
DO 3 JI=1,N 
READ’ (5, 5) 
DO 4 J=1,N 
READ( 5, 5) 


N 
) 


CALL st) bis = Lie at) 


(AH(I,J)9J=195) 


FORMAT (5615.7) 


READ( 5,10 ) 


PT,»,DP,NDZ,EBy,DBy,DENSP,DE XL 


FORMAT( 8F10.4) 


READ( 5,11) 


XHS9XSOyXHN,XS 


FORMAT( 6F10.5) 


READ( 5,11) 
TFO=TF 


VS,TF 


AM=6. /DP*(1.-EB) 


AT=AM 
R=1.987 
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27 FORMAT(1H19///914Xy_ "LENGTH", 8X5 !XFPy8X_ 'XC89 7Xy "THF! gy 
17Xy "THC! 8X ye" TE 8X9" TC8 yg Xo *XN1" 45 7Xy XN2Z! 9 8Xy DH //) 


et. 


gl 


44 


88 


as 


eee (CONT'D) 


RR=82.06*760. 
VINT=VS/EB 


WMOL= 28.*(1.-XHS—XSO-XHO-XS) +34.*XHS +64.¥*XSO +18.* 


1XHO +64.*XS 
PFO=PT*XSO 
PHO=PT*XHO 
CFO=PFO/RR/TFO 
PS=PT*XS 

A3=1. +0.006* (PHO+2.*PFO) 
PF=PFN 

PS2=PT/760. 
TO=298. 
TR(1)=298. 

DO 20 J=1,4 

TR( J+ 1) =298.*TR(J) 
WRITE( 6,27) 


XF=0. 

DO 1000 IITI=1,1001 
TT(1)=TF 

DO 77 J=194 

TT( J#1)=TF*XTT(J) 
DENST=PT*WMOL/RR/TF 
VISCO=0.00025+0.000034*(TF-473.)/100. 
CPE= ALT Ts i} 

DO 21 L=1,4 

CPF=CPF+AL( 7,L+1)¥*TT(L) 
CPF=R*CPF/28. 

XK=0. 2976/3600. 

D=0 .010996%*TF**1.5/PT/0.44 
G=DENST*VS 
SC=VISCO/DENST/D 
PR=VISCO*XCPF/ XK 
RE=G*NP/VISCO 
RRE=RE**0.41-1.5 
¥ID=0.725/RRE 

XJH=1.10/RRE 
XKM=XJD*¥G/DENST*SC**(-2./3-) 
H=XJH*CPF*¥G*PR**(—-2./3.) 
IF(III-1) 88,88,44 


CALL FREM (PS2y,TFeXN1y,XN2 ) 

CALL HTORN (TF yXN1_9XN2_ Ry TTyTRyDH) 
GO TO 55 

XN1=0.135 

XN2=0.865 


DH=11250.-1.5* (XN1*22673~6 +XN2*24753.) 
C1=AM* XKM*C FO 

C2=NB*PFO**1.5*0.17 *  2+56E-04 
C3=1.+0.006* (PHO+2.*PFO) 
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eee (CONTIN) 


C4=0.012*PFO 
C5=-7350./R/TFO 

A1l=XL*AM*XKM/VINT/EB 

A2=DH* CFO/DENST/CPF/TFO 

A3=C1*DH/AT/H/TFO 

CALL NEWTN( XF 4A2,A39C1,C29C39C4_C5 XC) 
Z=D2*(ITI-1) 

THF=A2®XF 

THC= ( A2-A3)*XF+A3*XC 

TF=TFOX( 1.-THF) 

TC=TFO*( 1.-THC) 

WRITE(6,25) ZyXFyXCyTHFyTHCyTF 9 TC yXN1_¢XN2q DH 
FORMAT( 10X,9F10.5, F10.2 ) 


CALCULATE BULK FLUID CONDITION 


CALL RKGS (A1,DZ_yXCyXF) 

CHK=1.0-XF 

Bret TABSOCHR) —1.0E-07) 1001,1001,1000 
CONTINUE 

CALL: & XE. 

END 
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HE HE AE HK DE HE HE DK AE EA FE CDI EAE DC AC KK DIC DC HE DHE DHE HE HIE AE IE AEC IE IC TE AE CIE AIC IKE FS ICO DIC AKC DK AK OK KK EAE OIE 2K IS 2K 


SUBROUTINE HTORN 


“ACTION OF THE CLAUS REACTION CONSIDERING THE EFFE 
=Gi OF COUIEERIUM DISTRIBUTION OF SULFUR SPECIES 


ok 
x 
A 
His SUBROUTINE CALCULATES THE STANDARD’ HEAT OF RE * 
AT A DIFFERENT TEMPERATURE > 


HHH HHH HK 


o 


ak y 
7 


HE AK IE EE AE HE AE IE TE IE OK OE I IK I A EAS OK IS IE HE IS AS OIE IS BIE IK OS BK OK OK OK IK BK AK KAS OK OS OK OK ISIE OK > 


+ 
4 
4% 
+ 


3 


SUBROUTINE HTORN (TyXN1_9XN2yq Ry TTs TReDH) 
BIMENSIUON TINS Ts TRUS), AH Ts5) 5 ALC7Ts 5) 
COMMON’ AL,AH 
N=5 
HR=11250.—-XN1*226/73.%*1¢5-XN2*24753.%*1.25 
IF( T~-1000.) 203920, 30 
290 DO 50 J=1,N 
50 HR=HR+(2.*AL (695) 4+1.5%*( 1e-XNI-XN2)¥*AL(59J5)4065* XNI*AL 
1(49J) +0.375% XN2¥*AL (35 J3)-20*AL(1,JS)-AL(2,J5)) *(TT(JU)- 
2TR(J)) /J*R 
GO TO 100 
30 DO 40 J=1,N 
40 HR=HR+(2.*AH(6,))4+125*%(12-—-XNI—XN2) *AH(5,J5) +0. 5*XN1*AH 
1(4,J) +0.375*XN2*AH(35J5)—-26*AH(1,J)-AH(25J)) *(TT(J)- 
2TR(J)) /J*R 
100 DH=HR 
RETURN 
END 
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BE IE EE A AE IC OK IE IK IE KC SI EOE IC OK OE OIC IS AK IE OK OK OE SK OK OIE IK IS AE IC OIE OC OIC IK Ig IC 2k OK AK aK 2K IS aK 2K OK 2K aK OK 


% s 
* SUBROUTINE NEWTN xe 
*K x 
* THIS SUBROUTINE IS TO SOLVE MODELLING EQUATION * 
* (3.13) AND GET THE CONVERSION ON THE CATALYST SUR- * 
* FACE AT A GIVEN CONVERSION IN THE BULK FLUID USING * 
* NEWTON-RAPHSON ITERATION TECHNIQUE * 


“ 
w 


sk 
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SUBROUTINE NEWTN(XFyA29A39C1_C29C39C4yC5_yXMM) 
DIMENSION X(500) 

F1l(X)=1.-X 

F2(X)=1.—-XF*(A2-A3)-A3*X 

F3(X)=F1(X)*F2(X) 

F4(X)=C3-C4*F3(X) 

F5(X)=EXP(C5/F2(X)) 

ROAMH=CLIE(XF—A) +C2*FS(X)**1,.5*F5(X) /(CF4(X) ) *¥*2, 
ORDA] -Cl +C2*F5(X) ¥( 1 S*(FS1X) ) ¥*0.5%*(-F2(X)-ABS*FI(X 
1}) SCPS(X)VRF2. —(F3(X) FF] .5*2.% (C4*F2(X) +A3*C4*F1(X) 
2) S(F4(X))#*3. +AZB¥*¥CS*(F1L(X) )®*L SSI F4(X) RR2./(F2(X)) 
3¥*0 2.5 ) 

G(X)=X-F(X)/DF(X) 


INET TAL GUESS OFX 
X(1)=XF+0.002 
CALCULATE CONVERSION AT CATALYST SURFACE 


DO 99 1=1,499 
X(I+1)=G(X(1)) 
BSPSADSUE MIE LIRKR CL ve ACTH L)) 
IF(ESP-0.0001) 100,100,99 
99 CONTINUE 
190 IF(I-499) 88,55,55 
55 WRITE(6,77) 
77 FORMAT(/10X,'NO CONVERGE !/) 
88 XMM=X(I+1) 
RETURN 
END 
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SUBROUTINE RKGS 


THIS SUBROUTINE IS TO INTEGRATE THE MODELLING EQU- 
RIIGN Cae 142) "(RUM CI nGeeINLe?: 10 THE OUTLET OF THE 
REACTOR USING RUNGE-KUTTA-GILL FOURTH ORDER INTE- 
GRATION PROCEDURE 


we HH EH HH 


HE EAE AE EE OK OE TK EE IE OIC I TIS A OY I IEE DK DIK OK IE BS BIAS FC OS IS KC BIS IS 2 IC DIK AK FSIS OK BIC OK IS OIC OK OK FC BIC OK 3 


SUBROUTINE RKGS(A1,0Z,XCyY) 

F(Y)=A1*(XC-Y) 

D1=DZ*F(Y) 

N2=DZ*F(Y+D1/2. ) 

NZ=DZ*F(Y+0.207107*D1 +0.292893%*D2 ) 
D4=DZ*F(Y-0.707107*D2+1.707107*D3 ) 

Y=Y + (D1+D4)/6. +0.0976310*D2 +0.569035%*D3 
RETURN 

END 
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APPENDIX F 


ASYMPTOTIC SOLUTION FOR EFFECTIVENESS FACTOR 
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F-1. Check the Validity of the Isothermal Catalyst Pellet 
Assumption: 
The validity of the assumption of an isothermal 
catalyst pellet may be checked by the value of the heat of 
reaction parameter, 8, at the inlet condition of the 


catalyst bed. 

DA 
e -s 
Keen 
e s 


RD 
II 


(— AH) 





0.001888 649 2)10." 


(26000) ( ye ae EL 
sI9 x 107 956 


He 


cal om* /sec ) (mole/em*, 


 eecpeg gear prarsoe) ad 
mole SO, can ay oe °K 


4 


174852 x 108 
= 0 


Therefore the whole pellet can be treated ina 
isothermal condition, and there is no need for an energy 


balance equation to calculate the effectiveness factor. 


F-2. Modeling Equation for the Effectiveness Factor: 


A general material balance equation within a 


catalyst pellet can be written as 


p 
roe o = —+ 5 r (P T,) ate (F.1) 
Bs (= 


261 












'ae5 oft Io yatbitev, oft 


maritort ng tq morsqnl 


av ors yd bexoeds ad \ ya solleq cod 


+ "Sei rozes%9q aoisoset 


+ %o notsibaoo setnt edt 76 48 
| | = hate 
bed sayied 59° 
a 


2 a rele) 
— <4 (BA #) = § d 
e 2 ts L Pe 
7 4 ; os a 
: ‘ +4 we. | 
: 





of x T.9, (< : “988100. 0, . (9008S) & : 7 
"OE 2 abit 


— ~ 
— j ‘ ' : oe 
\ f -” “Lat . : 
»\8io0n oSée mo “Lpo 
pmo \efom) (___ 228 -=—-) (a5 Slom ) 4 
2 992 °° igus a 4 
F * ‘ -- 
>= “. b A® oi a 
~ > _ 
oi x edd SS bs ‘ 
1 pe ~ i co 7 - ' * - nr 
" Je et . a) 
a ? La ce * 
a ~ - et a 
f 


T ed heited . tefleq tod ‘odd ‘asote 


i3 °. 


ey 


‘ypisne as 102 bs en on ai etedt bas “\sokaibnos Ie 


; easnevisoeit 9 od statueiso wh nots pe 


.tos0s2 ab 


y 


:tosos Tt _eeonevi3ge33a eds 20% 


it ar . ae 


~] A 


s mids iw noiseepe sons isd Lsiae: 





ee ie a 


262 


0 for a flat slab. pellet 


where a 


al for a cylindrical pellet 


se) 
II 


a= 2 for a spherical pellet 


To check the validity of the asymptotic solution, 
the concept of Thiele-modulus, ¢#, can be employed for this 


particular reaction condition. 





GRP aS, Ie heed 
Se ts ps s s 
* a4 pec (3.14) 
ea rs 
(oeee 160} phe 
where fo) (Bae) oS 
s SiS a 
Plt eee Eris o, i + 2 Pea - 2 P,)] 
7350 
EXP (- 5) 
g Ss 
(ech 105 e207) 6545)>°> 


(oe oedde. 0 Ole s 20.6545) - 


-7350 


EXP (3-997 x 556) 


Pee G Nea ati (g mole SO,/ 
sec-gm catalyst) 


ah 
eae ne L (923175, /- 053 x 7.6047. x10 ees aeas 
= 0.001888 x 5.957 x 10 


Since the estimated value of Thiele modulus is 


larger than 5.0, the catalyst pellet may be approximated by 
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a flat slab model. The modeling equation can be obtained 


from equation (F.1) by letting a equal to zero. 








2 
3 Pas p 
ts - De TD ee T,) = Q (Pea) 
In a dimensionless form, 
ar 38 ae Epis 2 5 (F.3) 
az? £ Yr, ea Tet ; 
fe Pp 
where Y= ae ee sf (F.4) 
s s 
‘=, 
Eg = R (B55) 
Op 1g (P ee ) 
62 s R2 s s s (F.6) 
7 De C. 
Furthermore, 
ie Pp 5 
(Pe ) : 
ry Bey T,) 
(2956 sho ta), Bes ae 
EXP e ee 
ee 
{1 + ES Ata + 2P ei - oes gp 
(2-56. x 10uenpe 
s EXP (22350) 
2 Reel 
{l + Nea hea + 2Pe i ~ 2P.)} gs 
‘ eo heidi 2 (F.7) 
2 3 2 
(C, ~ Co Y) 
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where Cc) = 1 + 0.006 Pano, 2 + 2 Peyi? 
Co = 0.012 
C405 €,7P = 


(F.3) becomes, 


2 1.5 
os - 02 (c, - ¢,)? -———~ = 0 (F.8) 
dé (oe. C4!) 
3 2 
with boundary conditions 
Y= 0 at —& = 0 
eh te 
ae 0 at e = 0 (F.9) 
: ip pep A at £  -&).1 


F-3. Asymptotic Solution for the Effectiveness Factor: 


An asymptotic solution of equation (F.1) can be 


obtained from the solution of equation (F.8). To solve 
equation (F.8), let 
oot 

y de 

Then equation (F.8) becomes, 
i 
og i‘ of Ser ies c,)* —+—__, us 
(C, - Cy Y) 


After multiplying both sides of equation (F.10) by d¥ and 
rearranging, equation (F.10) can be integrated such as 


y (€=1) Y=] 1.5 
{ E 
y (€=0) 


_ 42 he 2 y 
ay= OF (C, Co) \on Reoeaat ie ay (FS LL) 
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The integration on the right hand side of equation (F.11) 


can be done analytically to obtain a value of 50.008. 


2 2 2 
Yiea1) = 2 2% (C3 - Cy)* (50.008) 
2 2 
= 2 2 (0.1094 - 0.012)* (50.008) 
= 0.94885 07 
£ 
or TireN) = 0.9741 o, 


The effectiveness factor can be calculated according 


PGeLte ceflini tion. 


le Actual diffusion rate into the pores 


Reaction rate within the catalyst pellet 


Here actual diffusion rate 


reaction rate = re 
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APPENDIX G 


DERIVATION OF COLLOCATION EQUATION 


FOR INTERNAL RESISTANCE OF CATALYST PELLETS 
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The general material balance equation for an iso- 


thermal spherical catalyst pellet becomes 


d*c Pian Pp 
gizo + r az = De ae) (Pe Test = 0 (Goad) 


By introducing dimensionless variables 


2 ae 
Y= ame (G.2) 
Ss Ss 
= = 
Ste (G.3) 
equation (G.1) becomes 
Sn aed Be es eet 
az? — dé Seah y rs 
where a represents Thiele modulus defined by 
Se R Pp s Ps! T,) 
Ss 3 eG 
e “s 
But as was shown in Appendix E, 
ihe pie) yi-5 5 
ee = A - ) (G.5) 
s‘'s s (C, - Cy ) 
where Cc, = L ts0.006 (PH0,4 + 2 Pe;) 
er ig UO Ob2 
C3 = Ci/P, 
Now equation (G.5) becomes 
2 de 
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To check the validity of the flat slab model for a 
spherical catalyst in solving equation (G.6), an approxima- 
tion method can be applied for the steeply descending 
concentration profiles within the catalyst pellet, which was 
Originally proposed by Paterson and Cresswell (76) in terms 
of the effective reaction zone defined by the region beyond 
which the reactant concentration becomes essentially zero 
where no reaction can occur as a consequence. To apply this 
reaction zone concept the reaction interphase er is defined 
as 


oe 


x = Laaeet (G.7) 


In equation (G.7) x varies from zero to one for the 
value of € between er and one. Now equation (G.6) can be 
described in terms of the reaction interphase by using 
equation (G.7). 


ie 
1 d fn 


eke E,)? dx* oT 


= 


2 ( ui ay 
1 - é,)* 1 - er ax 


9 92 (c, - C4)? i, = 0 (G.8) 
dea ce 
Boundary conditions are 
y=] he J ee rad A (G.9) 
weetoy Gobo intaeelk =o (G.10) 


It should be noted here that the boundary condition 
(G.9) is the Dirichlet type rather than the Neumann type in 


this problem. That is because the approximate value of the 
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Sherwood number in this particular case is 


pare 
Se Le ee ee 
sh Ba Fed o0le 166 


So the ratio of the convective mass transfer effect 
in the external film to the diffusive mass transfer effect 
within the pore is around 166. Therefore the external 
resistance is 166 times less than the internal resistance. 
Here the assumption that the bulk gas concentration can be 
rigorously used as the catalyst surface concentration to 
calculate the effectiveness factor. Actually the bulk gas 
phase concentration is different from the catalyst surface 
concentration as was indicated in the study on the effect of 
the external resistances. However, this difference has 
negligible effects on the calculated value of the effective- 
ness factor on that assumption since the major resistance 


exists in the inner part of the catalyst. 


By employing the Paterson and Cresswell's collocation 
technique (76) improved by Van Den Bosch and Padmanabhan (90), 
the concentration profile in the reaction zone can be appro- 
ximated by a parabola. 
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Yo) ae (G.11) 
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As expected in the internal collocation technique, 
equation (G.11) already satisfies the boundary conditions 
(G.9) and (G.10). From the boundary condition (G.9), Le 


becomes one in equation (G.11) to make 
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re x (G.12) 


for any collocation point i. By substituting equation 


(G.12) into equation (G.8) the collocation equation can be 


obtained. 
a . 4 #51 
fe eee er! 

3 

2 ed 
SEOh oes (Ome Cs) = 0 (G.13) 

3 (oe ee ee 
3 Py eee 


The optimum collocation point can be taken as 


xX. = recommended by Van Den Bosch and Padmanabhan (90) 


1 
» 2 


for the high reactivity model. 


For the value of x; = et and calculated value of 
¥ 
eo er can be obtained from equation (G.13) to see the 


applicability of the high reactivity model using the false 
position iteration method. If the high reactivity model is 
really applicable, then the effictiveness factor can be 
calculated as 
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(ok d 
De (qe) (ae) 


E=1 6 1 dv 


7 =—_—__ = — (==) (G.14) 
dik<o 2 dé’ =] 
Deke ey T,) Deyo 3 o 
But 
ay net gay dx i 2 
Ea = Cpa ier ey ned = traes (G5) 
By combing equations (G.14) and (G.15) 
2 af 
n= —-——s (>=) (G.16) 
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Then the concentration profiles become using 


equations (G.11) and (G.6), 


Y= qaniess = (RE +.B) 7 (G.17) 
- & . 


A listing of the computer program COLLO, used to 


calculate the reaction interface ere is included. 
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(Tia) ee Se ee “ =T * Y <s 
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ot beev , O10 mexpoxg xotuqmod sniy to pa repita A 


ext 


VO AO Ml OQAGMH MO 


10 


12 


90 
60 


1090 
20 


Tas 
88 


99 


BE AE AE EE IK IE AE OK OE SEI EC BIE I AK OK IE IE OK OIC OIC IC IE IK SK OK OK OE OIE OIE FS FE AE OK OIE DIS OIE SICK OK OIE AK OK OK OK OK OKO 2K 
* : 

* MAINLINE COLLO 

* 

* THIS PROGRAM COMPUTES THE EFFECTIVENESS FACTOR OF 
* A ALON CATALYST FOR THE CLAUS REACTION UNDER CON- 
* DITIONS WHERE THE REACTION INTERFACE IS GREATER 

* THAN ZERO USING A INTERNAL COLLOCATION METHOD. 

x 

** PT’ = TOTAL PRESSURE 

* XHO = MOLE FRACTION OF H20 

* XSO = MOLE FRACTION OF SO2 

x 

HE AE DE AK AE AS IK IEA OK IE OK OI RCI ICI III IG IOI I aI aK ak af ak ak ak aka ak ak akc afc ak akc aka ask 


READ( 5,10) PT 
FORMAT(1F10.5) 
READ(5,12) XHO,XSO 
FORMAT(2F10.5) 
PHO=PT*XHO 
PFO=PT*XSO 


ASSUME NEGLIGIBLE CONCENTRATION DIFFERENCE IN 
EXTERNAL FILM 


PC=PFO 

C1=1.+0.006* (PHO+2.*PFO) 

C2=0.012 

C3=C1/PC : 

DO 100 J=1,16 

H=4.0 +J 

CALL FALS2 (C2,C39H,Z1) 

RECZRM T7%sf1,90 

WRITE( 6,60) 
FORMAT(1H1,///19Xy "THIELE 97Xy "REACTION ', 2X, © 
1* EFFECTIVENESS! 4/18X_y "MODULUS ' 56Xy "INTERFACE! ,9X,y 


2"*FACTOR® /) 


EFACT=2./H¥®*2./(1--Z1)/3.~ 
WRITE(6,20) HyZIy,EFACT 
FORMAT(//10X,3F15.4) 
SULTUS9 

WRITE( 6,88) 


FORMAT(1LH15///10Xy "THE REACTION INTERFACE IS NOT', 
1" GREATER THAN ZERO.! /) 


CALL EXIT 
END 


% 
x 
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ott 
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SUBROUTINE FALS2 


FROM THE COLLOCATION EQUATION USING THE FALSE- 
POSITION ITERATION METHOD. 


et HH He H He 


x 
* 
* 
* THIS SUBROUTINE COMPUTES THE REACTION INTERFACE 
* 
¥ 
x 
* 


BEE I EI CE AE ISIE IK CIE IK OK IK RE AE AE OE IE OK BIC A IC IS OE IC IEE AS EK OE OK OE OK IK FE OK OK OK OKC OK KK AE OK OK OK OK 2K 


SUBROUTINE FALS2 (C2,C39HyXMM) 
DIMENSION XM(500) 

F(X)=2e/( 1Le—-X) *¥¥ 2. +40/(10-X )¥XI/(X+(12.-X) *XI) — (H¥* (C3 
1-C2)*X1**1.5/ (C3-C2*X1**2.))**2, *9, 
X1=0.707107 

XL=0.0 

XR=1.0 

XM ( 1)=0. 

DO 99 T=1,499 

AMC I+]) =(XL*¥F(XR)=-XR¥FCUXL)) 7 CRIXR)-F(XL)) 
IF(FC(XM( I+1)) *F(XL)) 22933544 
XR=XM(I+1) 

GO TO 70 

XR=XM(I+1) 

XL=XM(I+1) 

ESP=ABS((XM(I+1)—-XM(1)) /XM(I+4+1)) 
IF(ESP-0.001) 100,100,99 

CONTINUE 

LEO1 499)" 666,555 59 

WRITE( 6,77) 

FORMAT(/10X,'NO CONVERGE'/) 
XMM=XM(I+1) 

RETURN 

END 
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APPENDIX H 


NUMERICAL SOLUTION FOR EFFECTIVENESS FACTOR 


BY WEISZ AND HICKS' METHOD 
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H-l. Numerical Solution for the Effectiveness Factor: 


Use can be made of the equation (G.6) 


2 5 
os i: = oF 29 9? (c4-C,)* —_—, = 0 (G.6) 
dé (C4-C5Y) 


with the boundary conditions of 


y= 1 at = 1 
al at —E = 0 


Equation (G.6) can be transformed by introducing a new 


variable © 
A 
ao= 5 (H.1) 
Then equation (G.6) becomes 
2 fest 
f+ lS - 9 a? 0% (c,-c,)* —~—, = 0 (H.2) 
dx (C,-C,¥) 


Equation (H.2) can be numerically solved by the open-end 
method with a known initial value instead of treating it as 
a two-point boundary value problem, which was originally 
proposed by Weisz and Hicks (97). 

The computing procedures are 

(1) Choose an arbitrary value of a ae 

(2) Assume an initial value of Y=0 at x=0. 

(3) Integrate the equation up to Y=l1, and get the 

value of x at that point. 
(4) Solve for a using a = & = ~ at Y=1 from the 


boundary conditions. 
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(5) Solve for ®. using Conditven (1). 
(6) Solve for effectiveness factor by the relation 
PS eat (at) 
‘ a ou 1 


3 9 x=— 
s a 


The condition (6) can be derived from the definition 


of the effectiveness factor; 


ae day 
— Deke Dede eel 6 oe De. ' gray, 
BAP Via) qPp EAP Sy TS "R2P, dé° €=1 
since 
byte: 
es x 1 ay my cay 
* and (Fe) e=1 iy (adx) x=2 


———_- 
r{P. eT) .R Pp (30.)° 


Equation (H.2) can be transformed into two first 


order differential equations by letting 


o = y (H. 3) 
Then 
LV5 
oe eee 252 eee 
pt 9 ca De (CoC) oe tS (H. 4) 
(C,-C,¥) 


Equation (H.3) and (H.4) can be solved simultaneously 
using the Runge-Kutta-Gill integration procedure. To deter- 


mine the value of the indeterminate form of ey on the left 
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hand side in equation (H.4) use can be made of the 


L'hospital's theorem at x=0. 


lim 2y _ ady 
x>0 ee: (Be) 


Now equation (H.4) becomes, at x=0 


Vas 
Ye 3/h66") (co, -Gey*) eee (H.6) 
ax s EM 2 


For other points than x=0, equation (H.4) still 
applies. 

The computer program CHOWH was used to calculate the 
effectiveness factor by applying Weisz and Hicks' method to 


the Claus reaction system and also listed. 


H-2. Difference in Thiele Modulus Between At the Inlet and 


At the Outlet Condition: 


The ratio of the Thiele modulus at the reactor bed 


outlet condition to that at inlet condition can be written 


as 
® : ed Pd a a ee A 
Fits. re) ores si (H.7) 
o. rs (P ae. Cs 


by using the definition of the Thiele modulus, equation 
(3.14), and assuming constant pellet density and effective 
diffusivity along the bed. In equation (H.7) subscripts 

o and i represent the outlet and the inlet condition 


respectively. 
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If the denominator change in the reaction rate 
expression may be ignored equation (H.7) can be described 
in terms of concentration and temperature at the inlet and 


outlet of the catalyst bed. 








me NF | 
se = aed (H. 8) 
i so 
Assuming 98 percent conversion and Le = 550°K, 
1 = 680°K, equation (H.8) gives 
Se AS OS tee os i oar a Rae a 
5 50 550 a987e 42550 680 
= 0.839 


Therefore, from the calculated value of o. in Appendix F 


qa ty (8 ae o. -e0. casos lo. oons) = 4.4 
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18 


30 


BE AK FC IC KC RC IE OK FE I CIE KAR I ISIC OK OK KC OIE OE I IE AK OE IS OIC IC IS OK KK OK aK aK OK 2K OK ak aK Og aK 2K oie 2K 2K ac 


* 
s MAINLINE CHOWH 

* 

* THIS°PROGRAM COMPUTES THE EFFECTIVENESS FACTOR OF 
* A ALON CATALYST IN A CLAUS REACTOR USING THE WEISZ 
* AND HICKS METHOD 

* 

* RF = TOTAL PRESSURE 

*K XHO = MOLLE FRACTION OF H20 

* XSO = MOLE FRACTION OF S02 

** PRMT(1) = STARTING POINT OF INTEGRATION 

* PRMT(2) = END POING OF INTEGRATION 

x PRMT(3) = INCREMENT OF INTEGRATION 

* PRMT(4) = ERROR BOUND OF INTEGRATION 

* NDIM = NUMBER OF DIFFERENTIAL EQUATIONS 

* 


AE AE AE AE TK A OE BE EC ES AE OE AE AE AK OK AE AE IE OK KOE IE IC AE IC OE IE IS OK SK IS IE OK NS OK OE IE OE OIE OIC KK 2K OIE IE AIK 


EXTERNAL FCT,QUTP 

DIMENSTON Y¥(2)y,DERY(2) »PRMT(5),AUX (8,2) 
COMMON C2,C3,AH 

READ(5,10) PT 

FORMAT(1F10.5) 

READ(5,12) XHO,XSO 

FORMAT(2F10.5) 

PHO=PT*XHO 

PFO=PT*XSO 


ASSUME NEGLIGIBLE CONCENTRATION DIFFERENCE IN 
EXTERNAL FILM 


PC=PFO 
C1=1.+0.006% (PHO+2.*PFO) 

C2=0.012 

C3=C1/PC 

WRITE( 6,18) 
FORMAT(1H1_9///24X,"THIELE',6X,"EFFECTIVENESS!/ 24X, 
1* MODULUS! ,8X,"' FACTOR! // ) 

DO 100 KK=1,41 

AH=KK 

PRMT(1)=0. 

PRMT(2)=100. 

PRMT(3)=0.01 

PRMT(4)=0.00001 

NDIM=2 

IF(KK=20) 30,40,40 

Y(1)=1.0-0.05*KK 

GO TO 90 
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eee (CONT'D) 


40 IF(KK-24) 50,60,60 
50 Y(1)= 0.05-0.01*(KK-19) 
GO TO 90 
60 IF(KK-33) 70,80,80 
70 Y(1)=0.01-0.001*(KK-23) 
GO TO 90 
89 Y(1)=0.001-0.0001*(KK-32) 
90 Y(2)=0. 
DERY(1)=0.5 
DERY(2)=0.5 
CALL RUNGE(PRMT,Y,DERY yNDIM,IHLFyFCT,sOUTP,AUX) 
100 CONTINUE 
CALL EXIT 
END 
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SUBROUTINE FCT 


H+ tH 


THIS SUBROUTINE GIVES THE ORDINARY DIFFERENTIAL 
EQUATIONS TO BE SOLVED TO THE SUBROUTINE RUNGE. 


* 


* 
BE BEE AE EK EK AE IK EAS IKK OK IK AE OE EK OC OIC KS DIS AK AE IC IE OK BE OK OIC AE AC OE OK OIE OIC IS IK OK IE OE HK OIC OK AEDK OK 


% HH Ht 3 3 OK 


+ 
3 


SUBROUTINE FCT (X+sY,DERY) 

DIMENSION Y(2),DERY(2) 

COMMON C2,C3,AH 

DERY(1)=Y(2) 

IF(X) 20,720,30 
30 DERY FA} S=2 ee V1 20 7At CAR (C3 -C2)/(0C3=C2*Y01))) )**20%9, * 

LYUD)F*1E5 

GO TO 40 
20 SDERWR eStart (063-C2)) 71 C3-C2*YC1)) )**2. *Y¥ (1) **1.5*3. 
40 RETURN 

END 
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* SUBROUTINE RUNGE 

a 

* THIS SUBROUTINE SOLVES THE SYSTEMS OF ORDINARY 


KUTTA-GILL METH WITH THE TEST OF ACCURACY 


t 3% 


HE AEE HE IE IEE OE A IE SEA IE IS IC IE IE IE IE AE OIE OK IE OS IE IE IC IE OK IE IS OC OC IS 2K IC OIC IC AC IE IE IE BIE OK BIE AS OK OK IRA OIE 2K OS 


SUBROUTINE RUNGE (PRMT,Y,DERYyNDIM,THLFyFCT,OUTP,AUX) 


DIMENSTON Y(2) sDERY (2), AUX(892),A(4),B(4) »C( 4), PRMT(5) 
DO 1 IT=1,NDIM 
1 AUX(8,1)=0.06666667*DERY (1) 
X=PRMT( 1) 
XEND=PRMT( 2) 
H=PRMT( 3) 
PRMT(5)=0. 
CALL FCT(X,Y,DERY) 


ERROR TEST 
IF(H*(XEND-X)) 38937 2 
PREPARATIONS FOR RUNGE-KUTTA METHOD 


2 A(1)=0.5 
A(2)=0. 2928932 
A(3)=1.707107 
A(4)=0.1666667 
B(1)=2. 
B(2)=1. 
B(3)=1. 
B(4)=2. 
C(1)=0.5 
C(2)=0. 2928932 
C(3)=1.707107 
C(4)=0.5 


PREPARATION OF FIRST RUNGE-KUTTA STEP 


DO 3 T=1,NDIM 
AUX(1,1)=Y( 1) 
AUX(2,1)=DERY(1) 
AUX(3,1)=0. 

3 AUX(6,1)=0. 
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15 


eee (CONT'D) 


IREC=0 
H=H+H 
IHLF=-1 
ISTEP=0 
IEND=0 


START OF A RUNGE-KUTTA STEP 


ITF((X+H-XEND)*H) 79695 
H=XEND-X 
ITEND=1 


RECORDING OF INITIAL VALUES OF THIS STEP 


CALL OUTP(XyY,DERY,IRECyNDIM,PRMT) 
IF(PRMT(5)) 40,78,40 

ITEST=0 

ESTEP=ISTERS) 


START OF INNERMOST RUNGE-KUTTA LOOP 


J=1 

AJ=A( J) 

BJ=B( J) 

CJ=C( J) 

DO 11 IT=1,NDIM 
R1=H*DERY(1) 
R2=AJ*(R1-BJ*AUX (6,1)) 
Y(T)=Y(1)+R2 
R2=R2+R2+R2 
AUX(6,1)=AUX(6,1)+R2-CJU*R1 
DE J=4-0 = iba 15.15 


J=J+1 

IF(J-3) 13914,13 

X=X+0. 5H 

CALL FCT(XysY,DERY) 

Gi Tal 10 
END OF INNERMOST RUNGE-KUTTA LOOP 
TEST OF ACCURACY 

IF(ITEST) 16,16,20 


BN GASE ETEST=0 THERE IS NO POSSIBILITY FOR TESTING 
OF ACCURACY 
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eee (CONT'D) 


DO 17 T=1l,NDIM 
AUX (4,1) =Y(1) 
ITEST=1 
ISTEP=ISTEP+ISTEP-2 
IHLF=THLF+ 1 

X=X—-H 

H=0 .5%*H 

DO 19 T=1,NDIM 
Y(1)=AUX(1,1) 
DERY(1T)=AUX(2,1) 
AUX(6,1)=AUX(3,1) 
GOKTO 9 


INTGASE/PTEST=1-TESTING OF ACCURACY IS POSSIBLE 


IMON=ISTEP/2 
TEUISTER= Ph 0D-1M0D)- «21523,21 
CALL FCT(XyY,DERY) 

DO 22 IT=1,NDIM 

AUX(5,1)=Y(1) 
AUX(7,1)=DERY (1) 

CT 8 IM SE Ia 


GOMPUTATION OF TEST VALUE DELT 


DELT=0. 

DO 24 T=1,NDIM 
DELT=DELT+AUX(8,I1)*ABS (AUX (4,1)-Y(1)) 
IF(DELT-PRMT(4)) 28,28,25 


FRROR IS TOO GREAT 


IF( IHLF-10) 26436936 
DO 27 T=1,NDIM 
AUX(4,1)=AUX(5,1) 
ISTEP=ISTEP+ ISTEP—4 
X=X-H 

I END=0 

GO TO 18 


RESULT VALUES ARE GNOD 


CALL FCT(XyY,DERY) 

DO 29 T=1l,yNDIM 

AUX(1,1)=Y(1) 

AUX(2,1)=DERY(1) 

AUX(3,1)=AUX(6,1) 

Y(I)=AUX(5,1) 

DERY(1)=AUX(7,1) 

CALL OUTP(XsY,DERY,IHLFyNDIM,PRMT) 
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eee (CONT'D) 


IF(PRMT(5)) 40,530,440 
NO 31 T=1,NDIM 
Y(IT)=AUX(1,1) 
DERY( 1) =AUX( 2,1) 
IREC=IHLF 

IF(IEND) 32,32,39 


INCREMENT GETS DOUBLED 


IHL F=IHLF-1 

ISTEP=ISTEP/2 

H=H+H 

LFCIHEF?Y 4.33533 
IMOND=ISTEP/2 

IF( ISTEP-—IMOD-IMOD) 493454 
IF(DELT-0.02*PRMT (4) ) 3593554 
IHLF=IHLF-1 

ISTEP=ISTEP/2 

H=H+H 

GO TO 4 


RETURNS TO CALLING PROGRAM 


THLF=11 

CALL FCT(XyY,DERY) 

GOoTO 39 

THLF=12 © 

GE010 39 

IHLF=13 

CALL OUTP(X,Y »,DERY,ITHLFyNDIM,PRMT ) 
RETURN 

END 
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BEA A EE ICI IE EK aK IIS KC EE KC aK aKa KC aK KC 2 aR aK IS AS aK IC REC ICC KK RC I KC aK aK AR KK SOK 2 OK KC 2 2K 
SUBROUTINE OUTP 


Ke 

x 

* THIS SUBROUTINE SPECIFIES THE OUTPUT OF THE 
* SUBROUTINE RUNGE 
Ne 
ok 
x 
sk 
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ErAG hh 
H 


EFFECTIVENESS FACTOR 
THIELE MODULUS 


ete weHH HHH H HK 


BE IK EK HERE SIC I AE I EK IE IE A IKE IE IE OIC AKC OE OC OK OK OK I IE OI IE OE OKC IC IE OIE OK FE DIK OK OK OK OK A OK AS SIR IK OK 2K OK OE AK 2 


SUBROUTINE OUTP (X,Y ,DERYyIHLF»NDIM,PRMT ) 
DIMENSION Y(2),DERY(2),PRMT(5) 
COMMON C2,C3,AH 

WRITE(6,40) Xy¥(1)9¥(2) THLE 
FORMAT ( LOX» SELO.S sp ke CF 
IF(1.-Y(1)) 200,100,50 

itt beet A er eee OYE ey YA 1) -Y¥ 1D) 
X= XX#(X=—-XX)¥*(1.0-Y1) / (Y¥(1)-Y1) 
H= AH* X 

EFACT=X¥*Y(2)/3./H**2. 

WRITE (6980) HyEFACT 

FORMAT ( 4/20X2F10.5/ ) 
PRMT(5)=1. 

XX=0. 

Y1=0. 

Y2=0. 

GO TO 60 

XX=X 

Y1=Y(1) 

Y2=Y(2) 

RETURN 

END 
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I-l. Input Data: 


Imput data were entered on request after keyboard 
queuing the material balance program, MTBAL, on the remote 
teletype. A typical input request sequence is listed in 
Table I.1. All entered input data were preceded by a ">" 
and each input request precedes the input data. A typical 


output of the processed data is also listed in Table 1.2. 


I-2. Reduction of Input Data: 


I-2.1 Temperature: (70) 
areTreactorsinter.=—..40878 + 18.31152 x (M.V.) 


B) Treactor*outlet = 2351827 f 18.21650 *x"(M-vV*) 


I-2.2 Pressure (mm Hg) 


a) P coed Cabs*) "= 744761367°+ 12.71505 x (PCT) 
b) PesteCr ae roduges == loon 379 =F"4705037 x (PCT) 
for runsF and G. 
Ben ate (gauge) = 27.66422 + 4.19851 x (PCT) 
fOrtvruns ua; 0;, & anda™L 
Cee. (gauge) = 15.83784 + 4.32817 x (PCT) 


Tor stuns a, bs Cy, U0, b.and J. 


I-2.3 Feed Flow Rate (SCFH) 


a) een 0.08793 + 0.94999 YPCT - 0.00099 x (PCT) 
2 
b) composition correction for the feed mixture 
4 
xX FDCOM. x MW. 
z=1 * - 
Pmix ~ 4 
py 
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2 
= 2 H.S 
= 3 cos 
= 4 SO. 
Px. = 28/V; 
FF = FF ( ) 
MIX No Purx 


4 Raa ae 


a) 


b) 


c) 


2) 


ATN 1 Leip ol. + 


ATN 2 Letps be 7 


II 


corrected area of 


i) For runs A, B, 
corrected area 
For funs oF 7-G, 


corrected area 


calculate average 
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MW; Ay, & (ml1/gmole) 
28 22402.10 
34 221/76. 10 
60 224.7% 35 
64 2190163 


Gas Chromatograph Data 


0.17031 x (ATTEN #1 Setting) 
1.76047 x (ATTEN #2 Setting) 
No + peak 

Creb/sBpaand J 

= measured area 

I, K¥and 5B 

= measured area x (ATN 1) x 


(ATN 2) 


area for each component 


d) calculate area ratios, *y0/4N,' Acos/*n,, and 


(1) 


Braker, W., 


Ag ard. 
SO, *N, 


and Mossman, 


A.L., "Matheson Gas Data Book", 


5th ed., Matheson Gas Products, East Rutherford, N.J., 
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e) calculate molar ratios from GC calibration 
equations: 


LirOor Lee fh, fo; Gp.) and J 


Mi o/My = 0.01259 + 0.94687 =x (A, o/ Ay ) x 100 
2 P 2 2 

“cos/Mn,, = O,Gsc09 + OL, 72771 x cos! Ane! x 100 

oa jai = 0.11839 + 0.84600 x es0n/ Nat x 100 


J erOrurounessr, Gye, LL, Ko and G& 


My o/ My = 0.00733. 740689481 x (A, o/ Ay ) x 100 
2 2 2 2 

“cos/Mn, = 0.00149 + 0.65325 x becOssaNa! x 100 

BS0,/' No = 0.02466 + 0.77038 x ROne aN x 100 


£) calculate mole fractions 


FDCOM 


1 OF PRCOM, = 100/(100 + Mus! MN oP 


1 2 


My) 


“cos. 5 ceo, , 


FDCOM. = FDCOM, x alan eons 


FDCOM 


3 = FDCOM, x Moog /My,)/100 


FDCOM 


4 FDCOM, x OI aed 


I-2.5 Water Feeder 


a) ml/HR = 0.31009 + 0.52032 x (dial setting) 


I 


b) gm/HR (m1/HR)/(1.00244 - 0.00022 x Ty oO) 
2 
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Compounent Flow Rates 


a) 


b) 


c) 


average molar volume (£t? /mole) 


AVGMV = 
i. 


Il Mos 


(V. x FDCOM, )/28317.016 
ii i 


where 28317.016 is a conversion factor from 
ft? torml 2 


component flow rate (gmole/HR) 


in’ = FDCOM, x (FF,,,/AVGMV) 
FFy 8 = FDCOM, x (FF,.y/AVGMV) 
FFugg = FDCOM, x (FFy7y/AVGMV) 
FF 50, = FDCOM, x (FF,.,/AVGMV) 
FFs 0 = (gm H,0/HR)/18.0588 


component flow rate (SCFH) 


ny 
Il 


H.s FDCOM., x PPIX 


Hy 
II 


cos FDCOM, x PP MIX 


ty 
II 


PDCOM, xX “FE 


4 MIX 


duct Flow Rates (gmole/HR) 


=P, x (PRCOM,/PRCOM, ) 


= Pp x (PRCOM/PRCOM, ) 


II 
tg 


x (PRCOM ,/PRCOM, ) 
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CO 


Psn 
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H5s H,S 


FFoos 
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where n is the average number of atoms in a sulfur 


molecule. 


Space Velocity (SCFH/gm cat.) and Space Time 
(gm _cat/SCFH) 


SVurx 


OVE S 


2 


SVcos 


SV 
SO. 


where 


= FF 


M 


= F 


Ho 


= Eco 


Fso 


rx/We ST tx 

_/WC Ea 
2 

_/WC aia 

/WC ST 

2 805 


= 1/SV 


1/Sv 
2 


1/SV 


1/SVoo 


MIX 


HS 


COs 


2 


WC is the weight of catalyst in gram. 


Fractional Conversions 


H5SCM 


CoSCN 


SO.CN 


Correction of Feed Composition for Water Injection 


FDCOM; 


(FF 


(FF 


(FF 


- P. .)/FF 
H.S HS HS 


) /FF 


cos ~ Pcos cos 


- P_..)/FF 
SO, SO, sO. 


Partial Pressures in the Reactor (mm Hg) 


eo aes 
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P; > ae 
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cick 
8, 


- - ta? - 
stn seteW tot 4s 


———— 


I=-3. 


I-31 


where i=l for 
i= 2 for 
i= 3 ror, 
i= 4 for 
i=5 fox 
i= 6 for 
i=7 for 


Gas Chromatograph Data 


a) 


b) 


attenuator settings 
ATTEN #1 = 10.0 
ATTEN #2 = 5.0 
feed analysis 

Bo 
Measured area 


200960 


201201 


Corrected area 5583325 
5574808 
5581494 


Avg. corrected 5579876 
area 


201267 


on 


Sample Calculation for Run F-6: 


H,S 


200308 


202253 


203878 
200308 


203233 


202473 


203878 


COs 


219590 


278458 


276263 


279190 
278458 


276263 


eis 20 


SO. 


Bivees 


114565 


122204 


A eS 
114565 


122204 
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c) 


d) 


e) 


product analysis 
N HS 


Be. 


Measured area 199037 133398 
199785 131616 


200025. 132677 


Corrected area 5521462 133398 

Baer LSL61L6 

Soeanue70. 132677 

Avg. corrected 553 7515 72132564 
area 


area ratios 


Feed 
Ay o/Ay 0.036286 
2 2 
*cos/4n. 0.049817 
aa oN 0.021147 


mole ratios (percent) 


Feed 
Myos/™N, 3.254238 
Mcos/™n, 3.252806 
Moo /My 1/653483 


2 é 


COs 


244301 
244920 


243946 


244301 
244920 


243946 


244389 


Product 


SO 





62466 
63089 


62988 


62466 
63089 


62988 


62848 


0.023939 


0.044133 


0.011349 


Product 


2.149416 


2.881498 


0.898964 


———s 
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eBC 
3 “ 
8b8Sa 


— > 
mAh 
7" 

: S 
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eer. 
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1 ee 


£f) mole fractions 


Feed Product 
No 0.924549 0.944021 
HS 0.030087 0.020291 
COS 0.030074 0.027202 
SO. 0.015290 0.008486 


Temperatures {$C} 


a) = 1.40878 + 18.31152 (15.40) 


mie TS tay inlet 


283.41 


b) Mieco woes + 1O.21050 (15. 40) 


Teactor outlet 
233.05 


Pressure (mm Hg) 
a) Peoed (abs...) on 1 44,60136.,+442.21505 (40) 


Te Oowed 


b) P 


reactor (gauge) Passi 2 ee SO D037- (55) 


224.58 
c) Atmospheric pressure = 705.6 


Feed Flow Rate (SCFH) 


a) FFy =IUeusesereunsag99 yO) = 0.00099: (90) 
2 
= 9.052247 
b) Putx = (.092455x28 + .03009x34 + .03007x60 + 


.01529x64) /(.92455%22402.1 + 
“VIUCGUReet Ont iot .S007K2Z2417.51 + 
-01529x21901.63) 


= 0.001326 
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p. == 28/22402114= 0.00125 
No 


FF wrx = 9.05225 x (.00125/.001326)°> = 8.789 


I-3.5 Component Flow Rates 
a) AVGMV =(.92455x22402.1 + .03009x22176.1 + 
.03007x22417.51 + .01529x21901.63) 
/ 28317.016 
= 0.790624 (£t?/gmole) 


b) component flow rates (gmole/HR) 


FFy = 0.92455 x 8.789/0.790624 = 10.2778 
y 
Ee s = 0703009 =x 8.789/0.790624 = 0.3345 
2 
FF aos =.0,03007 x 8.789/0.790624 = 0.3343 
FF oo = 0.01529 x 8.789/0.790624 = 0.1700 
2 
c) component flow rates (SCFH) 
"HS = 0.03009 x 8.789 = 0.26446 
Fuos =-0 703007 x 8.789 .= 0.26429 
F =O eOLoee Xo. foo =)0 513438 
SO, 
I-3.6 Product Flow Rates (gmole/HR) 
Py = 10.2778 
2 
Pa s = 1032778 = ~(0.020291/0.944021) = 0.22091 
2 
Poos = 10.2778 x (0.027202/0.944021) = 0.29616 
Pso = 10.2778 x (0.008486/0.944021) = 0.09239 
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P = Oe (OTS SES = Os 2209 fe 0 Se EL36 
HO 
°co, = "0.3343 -°0.29616 = 0.0381 
Pon SLs ee ers a4 = eeeo9 - OF3343 <"0 729616) 
1 et 
= 0.0313 


Space Velocity (SCFH/gm cat) and Space Time 


(gm cat/SCFH) 


SVutx = -§.189/170Z13 = 8.6057 

SV = 0.26446/1.0213 = 0.2589 
H,S 

SVags = 0.26429/1.0213 = 0.2588 

SV = 0.13438/1.0213 = 0.1316 
SO. 

ST rx = 1/8.6057 = 0.1162 

Pelgs = 1/0.2589 = 3.8625 

STaos = 1/0.2588 = 3.8640 

‘Lee = 1/0.1316 = 7.5988 


Fractional Conversions 


H,SCN Set Usoto we User OIL 7 0.3345 = 0.3396 
COSCN = (0.3343 - 0.29616) /0.3343 = 0.1140 
SO5CN = (055700 — 0.09239)70.1700 = 0.4565 


Partial Pressures in the Reactor 


| MN 


P; = 11.07026 


i=l 
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phe 
PP, = (0.22091 x 
2 
PPigg = (0.29616 x 
PP. = (0.09239 x 
2 
PRs egr=p(Galla6 ox 
2 
PP gg coe (0.0381 x 
2 
PP. = (0.0313 x 


The processed data 
the following units: 

Weight of catalyst 

temperature 

pressure 

space velocity 

space time 

feed rate 


conversion 


930.18) /11.07026 = 863.59 
osc nep7l..07026 = 18.56 
930.18)/11.07026 = 24.88 
930.18) /11.07026 = Lis 
930013) /11.0/026 = vier 
930,18) /11.07026 = a. a0 
B30 ¢Le@psLL.O7026 = £200 


in 


Table I.2 were based upon 


gram 


degrees Kelvin 


mm Hg absolute 


SCFH/gm catalyst 
gm catalyst/SCFH 
SCFH 


fractional conversion 
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HaDe\; 


CALEVCY Cm G Gl 6) Ge CYS) OC) C1 Co Gt CO) 


BE AE AE HE IE HE I OE IE IE IS EI IC OE OK BE KE I OKC IC OIE IK OIE OE OK OK IE IE IE OIE IE IK OIC OIC OIC OE OK IK OK OC IK IK OIE KK SCD 3K IK 2K >} 
* 

* MAINLINE MTBAL 

bs 4 

* THIS PROGRAM COMPUTES THE MATERIAL BALANCE IN THE 

* INTEGRAL BED REACTOR FOR H2S-SO2-COS-H20 REACTION 

2esvS TEMCVINPULS TS REQUEST EDSON THE TELETYPE INA 

* FREE FORMAT INPUT STYLE. THE RAW DATA AND THE 

* PROCESSED DATA MAY BE ENTERED IN USER DEFINED DISK 
* FILES BY THE PROGRAM 

** PRESSURE eeeecceeeeMM HG 

* SPACEVVEUGCITY «..<.SCEH OF A FEED GAS/GM=CAT 

** SPAGE TI MEsiccsece eGM-CAT/SCFH OF A FEED GAS 

* COMPOSITIONseeeee eMOLE PERCENT 

x VOLUME ecccccvcvceee STANDARD CURIC FEET 

* CATALYST WEIGHT. eeGRAM 


* 


HE BE AK HS AE AE IC OE BE IS IC OIE IE IC IC OK AS IKE AIS CIE IC TIE OIE OS BIE AC IE IIS FE IE BIE OS IIS AS IC KC OIC IE AIS OK EE IS OIE IE ISIC DIS OIC OK 


DEFINE FILE 100 (1359119,UyNEXT) »200(13494,U,NEXT) 


a 


HoH eH eH He He HH He HF 


DIMENSION PRS(3)_TEMP(2) »PRESS(3),FDCOM( 10) »PRCOM(10) 


tk 
7 9 


LBAL( 2, 7) 9V(4)5TC(293)PC( 2,2) sDPC(3)¢PCR(4y6) »HC(2) 


1FCR( 4, 6) 

DATA V/22402 610, 22176.10,22417.251,21901.63/ 
DATA TC/1.40878,18.31152, 2.51827,18.21650/ 
DATA PC/744.613674912671505, 1.81379,4.05037/ 
DATA HC/0.31009,0.52032/ 

DATA DPC/0.08793 ,0.94999,-0.00099/ 


CALL GETTY(LUNR) 


LUNW=LUNR 
ISTRT=1 
IEND=0 


WRITE(LUNW,121) 


121 FORMAT( PILE STORAGE FLAG(I-STORE,2-NO) */'FUNCTION FL* 
1,*AG(1-—PROC NEW DATA OR 2—-PROC FILE DATA)*/*PRINT FLA! 


1,*'G(1-TTY,2—NONE ) *) 
CALL FFINP(LUNR,3,0,ITSTOR,O,TFUNC,0,IPR, IEROR) 
IF(TEROR) 998,432,999 
32 GO TO( 88,33), 1TFUNC 


READ DATA FROM DISK FILE 


33 WRITE(LUNW,122) 
122 FORMAT(*HOW MANY POINTS,AT WHAT RUN NO. IN FILE TO 
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eoe (CONT'D) 


* START!) 


CALL FFINP(LUNR,2,0yNUM,O,ITSTRTgIERDR) 
IF(ITEROR) 998,436,999 

ISTRT=ISTRT=-1 

TEND=ISTRT+NUM 

ISTRT=ISTRT+1 

NFIL=ISTRT 


READ (100'*NFIL) NFILyNFDCRyNPRCRy RUN gWC,TEMP, ((FCR(I y 


1J),PCR( I,J) s1=194)9J=196) sPRSyHPCTsHITMP,ATMP 


WRITE(LUNR,123) ISTRT 
FORMAT(*RUN NOw*1XsA4,1X_y "FINISHED ' ) 
GO TO 35 


READ DATA FROM TTY 


WRITE(LUNW,90 ) 

FORMAT('WT OF CATALYST(GM) $ NUMERIC FILE NO.') 

CALL FFINP(LUNRy291,WCyO,NFILyIEROR) 

IF(TEROR) 998,101,999 

WRITE(LUNW,100) 

FORMAT(*RUN NOwsNO] OF FEED GeCeyNQe OF PROD. GeC.') 


CALL FFINP(LUNR,393yRUN,OysNFDCR 40 sNPRCRgIEROR ) 
IF(TEROR) 998,103,999 

WRITE(LUNW,105) 

FORMAT('TEMP—REACT. INLET,OUTLET, PRESS-FEED,REACT.»D 


ree CELA 


CALL FFINP(LUNR,5y91y,TEMP(1)91,TEMP(2),1,PRS (1) 91 9PRS 
1(2),1,PRS(3), TEROR) 

IF(IEROR) 998,104,999 

WRITE(LUNW, 106) 

FORMAT( USPECIFY H2U0 FEED PUMP FCT AND TEMP") 


CALL FFINP(LUNRy2y1yHPCTy1,HTMPyIEROR) 
IF(IEROR) 998,107,999 

WRITE(LUNW,108 ) 

FORMAT ('ATMOSPHERIC PRESSURE'®) 


CALL FFINP(LUNR,1_1,ATMP,IEROR) 

IF(ITEROR) 998,109,999 

WRITE(LUNW, 113) 

FORMAT('FEED GeC~w ARFAS-N2,H2S,COS_SN2,H20,C02! ) 


DO 116 T=1,NFDCR 
CALL FFINP(LUNRy6y1y,FCR(T,1)91lyFCR( 1,2) 1leFCR( 193) 919 
LFCR( 194) 91lyFCR(I1,5)91,FCR(1,6),TEROR) 
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eee (CONT'D) 


IF(IEROR) 998,116,999 
116 CONTINUE 


WRITE(LUNW,117) 
117 FORMAT(*PROD. G.eC. AREAS!) 


DO 120 I=1,NPRCR 
CALL FFINP(LUNR,6y419PCR(151)91,PCR(152)51,PCR(143)91 
*» PCR ( I,4)y91l,PC 
IR(1,5)y1l,PCR(I 56) ,1TEROR) 
IF(TEROR) 998,120,999 
120 CONTINUE 


GO TO (40,35),ISTOR 
STORE RAW DATA IN PNISK FILE 


40 WRITE(1OO'NFIL) NFIL»yNFDCR»NPRCR, RUN gWCy TEMP, ((FCR( I, 

1J) yPCR( 19d) pl =194) »J=1,6) yPRSyHPCT »HTMPyATMP 
35 CALL CHROM(FDCOM,FCR,NFDCR) 

CALL CHROM( PRCOM,PCR yNPRCR) 
DO 444 J=1;,2 
TEMP OT) STeUie T+ 1C(2,1)*TEMP(I) 
TEMALILSTEMECE) + 273. 

444 CONTINUE 


H20 FEED RATE CALCULATION (CC/HR) 
HRATE=HC(1)+HC(2) *HPCT 
H20 FEED RATE IN GRAM/HR 
HRATE=HRATE /(1.00244-0.00022*HTMP ) 
TFC HPCT)®© 23923724 
23 HRATE=0. 
REACTION TEMPERATURE 
24 RTEMP=(TEMP(2)+TEMP(1))/2. 


CALCULATE ABSTRACT PRESSURE OF FEEN STREAM AND 
REACTOR 


PRESS(1)=0. 

PRESS(2)=ATMP 

DO 17 I1=1;2 

PRESS(1)=PRESS(1)4PC( 151) *¥PRS(1) ¥*( 1-1) 
17 PRESS(2)=PRESS(2)4+PC( 15 2) *PRS(2) ** (1-1) 


FEED MIXTURE FLOW RATE 
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eee (CONTIN) 


PRS(3)=PRS(3)**0.5 
PRFSS(3)=0. 
DO 19 [=1,3 


19 PRESS(3)=PRESS(3)+DPC(1I)*PRS(3) **(I-1) 


10 


FLOW RATE CORRECTION 


ROMIX= (28.*FNCOM(1)+ 34.*FDCOM(2) +60.*FDCOM(3)+64.% 
LFDCOM(4) )/ (FDCOM(1)*V(1) +FDCOM(2)*V(2) +FDCOM(3)*V 
1(3) +FNCOM( 4) *V(4)) 

PRESS(3)=PRESS(3)* (28./V(1)/ROMIX) **O0.5 


FH2S = PRESS(3)*FDCOM(2) 
FCOS = PRESS (3)*FDCOM(3) 
FSO2 = PRESS(3) *FDCOM(4) 


SPACE VELOCITY AND SPACE TIME 


SV=PRESS(3) /WC 
ST=1./SV 
SVH2S=FH2S/WC 
SVCOS=FCOS/WC 
SVSO2=FSO2/ WC 
STH2S=1./SVH2S 
STCNS=1./SVCOS 
STSO2=1./SVS02 


MATERIAL BALANCE 


AVGMV=(FDCOM(1)*V(1)+FDCOM(2)*V(2) +FDCOM(3)*V(3)+FDCO 
1M(4)*V(4)) /28317.016 


FEED COMPONENT FLOW RATE (GM-MOLE/HR) 


DO 10 J=1%94 

BAL(1,J) = FDCOM(J)*PRESS(3) /AVGMV 
WFA = WC/BAL(1,2) 

WFB=WC/BAL(1,3) 


H20 FEED RATE (GM-MOLE/HR ) 
BAL( 1,5) =HRATE/18.0588 
PRODUCT COMPOSITIONS 


L=0 

BAL(2,1) = BAL(1,1) 

BAL( 2, 2) =BAL (2,1) *PRCOM( 2) /PRCOM(1) 
BAL(2,3)=BAL(2,1)*PRCOM(3)/PRCOM(1 ) 

BAL (2,4) =BAL (2,1) *PRCOM(4)/PRCOM(1) 
BAL(2,5)=BAL(1,5) + BAL(1,2) -— BAL(?,2) 
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eee (CONT'D) 


BAL(2,6) = BAL(1,3)-BAL(2,3) 
BAL(2,7)=1.5 * (BAL(1,2)-BAL(2,2)+BAL(1,3)-BAL( 2,3) 


AVERAGE MOLECULAR WEIGHT OF SULFUR 
INITIAL ASSUMPTION XS=8. 


PPS = PRESS(2)/760.¥*BAL(2,7)/8. 

CALL FREM( PPS,RTEMP,XS ) 

PRS1=PRESS(2) /760.*BAL(2,7)/XS 
IFUABSTCPPSHPRSPYPPRST? -0.005) 20,20, 21 
PPS=PRS1 

GO TO 22 

BAL(2,7)=BAL(2,7)/XS 


H2S/S02 RATIO 


FHVS=BAL(1,2) /BAL(1 44) 
PHVS=BAL(2,2)/BAL (294) 
FCVS= BAL(1,3)/BAL(194) 
PCVS= BAL(2,3)/BAL(2,4) 


CONVERSTON 


H2SCN=( BAL(1,2)-BAL(2,2)) / BAL(1,2) 
COSCN= (BAL(1,3)-BAL(2,3)) / BAL(1,3) 
SO2CN= (BAL(1,4)-BAL(254)) / BAL( 1,4) 


ADJUST FEED COMPOSITION WITH H20 FEED 


TOT=0. 

DUSo -J=1,5 
TOT=TOT+BAL(1,J) 

NO 11 J=1,5 
FOCOM(J)=BAL(1,J)/TOT*100. 


PARTIAL PRESSURE IN THE REACTOR 

TOT=0. 

NO 12 J=l1l,7 

TOT=TOT+BAL(2,J) 

DO 13 J=ly7 

PRCOM( J) =BAL (24S) *PRFESS(2)/TOT 
DATA OUTPUT 

GO TO (43,44), IPR 


ty eOUT PUT 


CALL OUTPT(RUN,PRESSyRTEMPyFHVSyPHVS,FCVSyPCVS,H2SCNy 
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41 WRITE(200'*NFIL) 


998 
S97 


eee (CONT'D) 


1COSCNy, SO2ZCNy FOCOM,PRCOM,BALyLUNWyXSyWCy SV_ySTySVH2S,y ST 
1H2S,SVCOS,STCOS ySVSO2,STSO2,TEMP,IPR) 
44 GO TO (41,42), ISTOR 


PILE OU ERUT. 


WC »RTEMPyPRESSyRUN, BAL,yFDCOM, PRCOM, 


LH2SCN,COSCN ySN2ZCNyWFA WEB yFHVS yPHVSyFCVS yPCVSy XS_SVy 
1SVH2S,SVCOS,SVSO02 
42 IF(ISTRT-IEND) 34,65,65 


WRITE(LUNW,997) 


FORMAT(! 
GO TO 65 


FFINP CALL ERROR 


999 WRITE(LUNW, 996) 


596 
65 


FORMAT(! 
CALL EXIT 
END 


FFINP INPUT ERROR 


(EXE CALLED)-*) 


tex ik CALLED l*) 
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HE KK IE IK i aA afc 3c aie a NE DIK OIE EK HK IC KK SIE SIC OK OIC DIK OK IC I AK OI OK SIR OE I IK OI IS OE IK DK IK IK OK DIK SIC Ik SKIS AK OI OK OK 3K OK 
xK *K 
7 SUBROUTINE FREM * 
* SUBROUTINE FREM IS USED TO CALCULATE EQUILIBRIUM ¥* 
* COMPOSITIONS FOR SULFUR MOLECULES BY FREE ENERGY x 
* MINIMIZATION METHOD * 
x Bs 
MK AE OK IE IK AE aI BIE Xe fs ae aie ok aig OI OK BK IK OK SIE IC IK IK OK SIC SI SIE KK OK SK AC OK OK DIK OK DIS BK OK IK IK OIE SIS OK OK OK OEE OK 3K 2K OK OK 3x 


SUBROUTINE FREM(PRESS,T,XS) 

DIMENSTON FRE(397)9X(3) »GA(39 3) ,GB(3),C(3) 9 F( 3) 9A(3,y 3) 
1,Y¥(3),B( 3) yNG1(3) GX (3) 

DATA FRE/7.7838968E+00 56.089 2429E+00 9 2-6999349E+00 » 
12.5099 820E-02 ,1.8824865E-02 »6.2749549 E-0 3,-3.2 /148310E- 


20 5, —2- 7861233E-05 5-9. 2870775E-06,2.6157310E-08,1.961 79 


BESE iy Os DDO et OLEH U9 s—1 es 2091 2SE-—1 27-5. S40684S6E-1 29-14 


4780 2282E-12,1.0114584F+04, 1.1264370E+04,144504935E+04, 


54. 7621792E+00 »7.3202322E+00 1 .0534222F+01 / 

DATA A/8.e. 9609220396*00.0/ 

DATA Kiletlearlal 

DATA YVils¢i<sief 

DATA B/16.52*0.0/ 

M=] 

N=3 

NO 12 I=1,N 

NG1(1)=0 
FRT=FRE(1,1)*(1.-ALOG(T))-FRE(I,2)*T/2.-FRE(1,3)*T 
1**2/6.-FRE( 1,4) *T*¥*®3/12.-FRE(1 95) *T**4/20.+FRE(1,6)/T- 


2FRE( 1,7) 


C(I)=FRT+ALOG(PRESS) 

TFC I“N) 12,12,13 

C(1I)=FRT 

CONTINUE 

DO 14 ITER=1,300 

CALL FREN (Y,Cy9FyYBARyNy NG1) 

MG =M+ l 

CALL GSET (A sY,GAyGByBeF ye MyMGyN) 
CALL GAUSS(GA;,;GB,MG,GX) 

DO 18 I=1,N 

IF(NG1(1I)) 19,19,18 

X(I)=-Y( 1) *( (C(1)4+AL0G(Y(1)/YBAR))-GX(1)) 
DO 21 J=l_M 

I1G= J+l 

X(T )=X(1)+GX( IG) *A(T J) *Y (1) 
CONTINUE 

CALL NEZE (XY 5N ,NG1) 

QUIT=1. 

DO 22 I=l,N 
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eee (CONT'D) 


IF(NG1(1)) 23,523,22 
TEST=(X( 1) -Y(I))/X(1) 
TF ( ABS( TEST) -0.5E-04) 22,22,24 
QUIT=-1. 

CONTINUE 

IF(QUIT) 25,254526 

DO 27 IT=l,N 

Y(1)=X(1) 

CONTINUE 

DO 32 I=1,N 

NG1(1)=0 

IF(X(1)) 33933534 
Y(I)=X(T) 

GO TO 32 
Y(1)=0,000001 
CONTINUE 


XS=(86*Y(1)4+6.¥*Y(2)+2-*¥(3)) / (Y(1)+¥(2)+Y(3)) 


RETURN 
END 
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SUBROUTINE OUTPT * 

x 

THIS TSUBRUUTTNErPSPECIFRIES. Fre QUTPUT /FORM, OFUTHE ** 
MAINLINE MTBAL ON THE TELETYPE ** 


rd 
Ce 


HEE AIK BK CIE EE SE OE ICIS SE OC IEE OE IK AS EK OIE IC IE OE AS AE AK BIS OE AE FE EOS IE BIE FE OE IS BIS IS OK AS IS AIS IS SSK OK OK OC OK OK 
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SUBROUTINE OUTPT(RUNsPRESSyRTEMP, FHVS,PHVS,FCVS,PCVS, 
LH2SCN,COSCNySOZ2CNsgFDCIM gPRCOMyBALy LUNWyXSyWCySVyST, 
2SVH2Sy_ STH2SySVCOS_ySTCOS»SVSO2,STSO2,TEMP,IPR ) 

DIMENSION PRESS (3),PRCOM(7) »FDCOM(7),BAL( 2,7), TEMP( 2) 


WRITE(LUNW,1) RUN 
1 FORMAT(//// TX "RUN NUMBER", 3X 9A4,///) 


12 WRITE(LUNW,210) WC 
210 FORMAT( 7X y*WT. OF CATALYST ',1X,F 10.3) 


WRITE(LUNW,219) TEMP(1),TEMP(2),PRESS(2) 
219 FORMAT(/ 7X_,*REACTOR INLET TEMP Petiwee! “1hs 
PeREACTORSUUICED Semen tae iae f 1Xy"*REACTION PRESSURE’, 
feLlv2s/) 


WRITE(LUNW,778)SV_9STySVH2Sy_STH2Sy SVCOS,STCOSsSVS02 
* STSO2 
Pre FORMAT 8() 32%, SPACE VELOCITY";sBX," SPACE TIME',/ 1X, 
1' BASE ON TOTAL FEED GAS',54X,F10.3910Xy,F1l0039/ (Xy'BA', 
PUSE ON HS FEED RATE -5X5F10.3910XsF 10.397 (Xs! BASE", 
3" ON COS FEED RATE',5XyF10.3910XyF10.39/ 7X_'BASE ON', 
ei SO2* FEED. RATE s5X5F10.5910X%,F10.3 ) 


WRITE(LUNW,218) PRESS(3) 
218 FORMAT(// 7X_y'VOLUMETRIC FEED RATE',F9.3,/) 


WRITE(LUNW,220) H2SCN,yCOSCN,SO2CN 
220 FORMAT(/ 7X_y"CONVERSION OF H2S '43XyF?7e29/ TX! CONVER! 
1y*SION OF COS '43XsFT.29/7Xy*CONVERSION OF SO2 '43Xy 
3 ehh Ie Me, 


WRITE(LUNW, 250) | 

250 FORMAT(/ 7Xy*MOLECULAR',5Xy "FEED! ,6X,'PARTIAL PRESSUR! 
1y'E',3X,'MATERIAL BALANCE 'y/ 8Xy"SPECIE',4Xy"COMPOSI! 
2," TION',4Xy"IN REACTOR',8Xy_ FEED’, 3X, !PRODUCT! ) 


WRITE(LUNW, 789) 
789 FORMAT( 17X_' (MOLE PERCENT) 'y5X_*(MM HG) ',8Xq_!' (GM 
x=MOL) SHR)! ) 
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eee (CONT'D) 


WRITE(LUNW,211) (FDCOM( J) yPRCOM(J) yBAL( 1,5) _yBAL(2,J) 
*, J=1, 5) ; 
211 FORMAT (/10X9*N2 "y7XyF6e29 9Xq Fel ye BX eF le 39 2X Fle3y/ 
1/10 Xy "H2S' 9 7X gF6e2 9X gF6el gy BX 9 Fle3dg2XeFleo3e//10Xy 
2'COS', 7X yF60249X 9 F601 9 8X 9F le 39 2X 9 Fle 3e//1LOX9!# S024, TXy 
ZFOe2y9Xe Fe le BX eFle3de2X oF leo 3d9//10Xy'H20! g7Xg F602 99Xy 


P61 8X sh 1 sa e2XeF le 3s ) 
WRITE(LUNW,911) (FDCOM(I+5) ,PRCOM(1+5),BAL(1,I1+5), 


LBAL( 2, 1+5) ,T=1,2) 
911 FORMAT (/10X9!*CO2'y7X yF6e299X yg F601 y BX yFT eo 39 2Xy Flo 39 / 


L/1OXe*SX Fy TXgF60299X gF6el BX gFleo3y2XyF 723 ) 


WRITE(LUNW,212) XS 
212 FORMAT(//, 7X,"AVERAGE NO OF SULFUR ATOMS/MOLECULE = ! 
*y FO. 2) 


Pra GIP R= 2 eS eier hs 
13 RETURN 
END 
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FE EAE IE DIE A AK IS SEK ISIE ICSE OIE AE OI OK IK IES IK DIC IS OIC IS OIC IS IE I DIE OKC OK DESI OIC OE OK OI IC OK OIC BIC BIC IK OE OIE OE OIE OK OK 21K OKC OK 
x * 
* SUBROUTINE CHROM * 
* SUBROUTINE CHROM IS USED TO CALCULATE THE COMPO-— * 
* SITION OF FEED AND PRODUCT STREAM FROM THE GC AREA* 
* RESULTS * 
*K * 
HES * 


BE AEA HE EE IE OKC IE OIE IE OK CII AIC IS OK OK OK A IS OK OK AIK ISK OK OE IS OK OS DIS IK AC AS OS KC OK OK OIC IK OK OK OKIE OK KC KOK 3 


SUBROUTINE CHROM(COMP,CRyN) 

DIMENSTON COMP(10) ,CR(496) sHSN2(2),SON2(2),COSN2(2) 
*y ATN( 2) 

DATA HSN2/0.00733 50.89481/,S0N2/0 .02466,0277038/ 
DATA COSN2/-0.00149,0.65325/ 

XN=N 


CORRECTED AREA OF N2 PEAK 


DO 20 I=1,N 
CR(Ig1)=CR(191)*(1.76047*ATN(2)+ 1217312) *(0.17031 
xX ATN(1)+1.07781 ) 


AVERAGE AREA OF EACH PEAK 


DO 1 J=1,6 
CR(4,J)=0. 
NO 1 T=1,N 
CR(4, J) =CR(49J') +CR(1,J) /XN 
IF(CR(4,2)) 393,95 
HNRAT=0. 
GO TO 7 
HNRAT=HSN2(1) + HSN2(2)*CR(4_2)/CR(4,1)*100. 
IF(CR(4,4)) 858,49 
SNRAT=0. 
GO TO 14 
SNRAT=SON2(1) + SON2(2)*CR(4_4)/CR( 4,1) *100. 
PF(ICR(4,3)) 15,15917 
CNRAT=0. 
GO TO 16 
CNRAT=COSN2(1) + COSN2(2)*CR(4_,3)/CR(4,1)*100. 
COMP(1)=100./ (100.+HNRAT+SNRAT+CNRAT ) 
COMP (2) =HNRAT*COMP(1)/100. 
COMP( 3) =CNRAT*COMP(1)/100. 
COMP (4) =1.-COMP(1)-COMP(2)-COMP (3) 
RETURN 
END 
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AEA FE IE IE AE AE DE IC HE A AIC AIS BKC AE BK ICE IK OE BK OE IS OIE OS OIE IS IC AE IE OE IE OS OKC IS IE OE OIC TIE IE OKC IS A AE IK KK IC AIC OIE OIC OKC aI aE OI 


x 

* SUBROUTINE GSET 

x 

* THIS SUBROUTINE SETS UP THE MATRIX FQUATION WHICH 
* IS SOLVED USING SUBROUTINE GAUSS. 
ok 


HERS HE AE IE OK BE HE SIS IC TIE AI IS IS IE AK OIE IE OIC BIS OIE IE RE NS IS DIK FE AS OOK IC IE IK I AI IS BIS AS OK IC AK OE OK AE ASIC IE OIE 


SUBROUTINE GSET (AsYsGAsGByBeFy MyMGyN) 
DIMENSTON R(393)9A(393)9Y(3)9GA(353)96B( 3) »B(3),F(3) 
DO or K=1,M 

DO 1 J=1,K 

R(J,K)=0.0 

DO 2 L=feN 

R( Je KIER SoK FACT oJ) ¥ACT »K)¥Y(T) 
R(KyJ)=R(JyK) 

NO 3 IT=1,MG 

DO 3 J=1,MG 

GA(I,J)=0.0 

DO 4 IG=1,M 

DO 5 T=1,N 
GA(IG,1)=GA(IG,1)+A(1,1G)*Y (IT) 
No 9 JaliM 

JGsJ+ . 51 

GA(IG,JG)=R( 1G ,J) 

JG= IG+1 

IGG=M+1 

GA(1GG,JG)=GA(1G,1) 

DO 10 J=1,_M 

GB(J)=B(J) 

NO 10 T=1,N 
GB(J)=GB(J)+A(1T,J)*F(T) 

JGB=M1 

GB(JGB)=0.0 

DO 11 T=1,N 

GB(JGB)=GB( JGB)+F(1) 

RETURN 

END 


tt 


% % % 


H% 2 


310 


A «A 
ar 


jAD avi THORaUS aut au O3V g02, 25 * 


eae ae aes ok al Mk ie she ae ae ae ee aie anne ada 


alata PAA aH ee +ALOROEREEEE 


——~, 


. Fe) “ena ee 


24 Ms Ae MDG WAT TAM: swirvonwe 


L)Ve( He T RAMLL  TIAM( Me LI Ae (4 eR S s 
Mf 






















* 
a 
= , Td ' 
rs : 
ie 
“7 
~ . 
} ' ; 
od 
ui 2 
‘ i ' 
‘ a _ 
A ye ay _ 
ae 


a . 


My SW ae, 
320: au LrUNAaue - . Het ‘a 


jut au era JHITUOREUA see Sue 4 


% 


an 


Ye fSVVe(E v€ NAe FEY EM UOT 2WaMT 
Me few 00. q 
Ae at roa-- 
0,02 CALI - 
A Wefel soa. : 


14 


(We LAS (l As 

mM, f=1-€ 0 a * 

, ane sa ae nae- £00 7 

Ke ast . ’ ; 0.0= «L bal yas a 
ns | Mefsal | » oo 

Y 8. We heb (2900! 

(1) ¥# DT PYM Ly Relansars Si 
é Me Lat, © 00.) 

Be eee posts 


ae | al aaegauaatis 


=, re ei SARS" ve wea 2 


“ erie 


i a “ : : . 


eS 


a re, 





Srty cre? Cr OF 79? OO 


bt Be 


a2 


14 


19 
re Be 


15 


HK HEE 3K i ae afk oc afk ote ais as ate ake ate aie akc oe aie ofc ok ae ate oie ae ak OC SIC ik oie SIE ae Sik IK aK 2S OK CIE FISK OK OIC AK OK OE OK OK KOK i KOK OK 
* Kk 
* SUBROUTINE GAUSS * 
x xx 
* THE FUNCTION OF THIS SUBROUTINE IS TO SOLVE THE * 
* SET OF EQUATIONS A*X=B USING GAUSSIAN ELIMINATION * 
* AND BACK SUBSTITUTION ROTATING ABOUT THE ELEMENT x 
* OF MAXIMUM MODULUS. = 
a * 
HE CHEK 3K a A EI IE I OK OK SICA OK A I a IC a aK SEC AC IC 2 aK aK IC I aK BK aK 2 IC KC KC AI 3K ISA OK 3 9 2 aK 2 


SUBROUTINE GAUSS (A gRyN,X) 
DIMENSTON A(3593),R(3),X(3) 
M=N-1 

DO 11 J=1l_M 

S=0. 

Ho. SrA IT=J,N 

U= ABS(A( I,J) ) 


TF(U-S) 12,12,112 


S=U 

L=] 

CONTINUE 

BFL L=J3)  LiSy it slid 

NO 14 T=J,N 

S=A(L, 1) 

A(L,I)=AlJe1) 

A(J,I)=S 

S=R(L) 

R(L)=R(J) 

R(J)=S 

Leis ADS CAs Jie b—S008 bids 115,15 
WRITE( 6,3) 

FORMAT (1H »'MATRIX SINGULAR !) 
RETURN 

MM= J+ 1 

DO 11 I=MM,N 
PPC ABS UAC so mtb 30) aie lds bi 
S=A(JyJ)/A( Ty J) 

ACI, J) 20.0 

No 16 K=MM ,N 
A(T,yK)=A(J9K)—-S¥A( 14K) 
R(I)=R(J)-S¥*R(T) 

CONTINUE 

DO 17 K=1,N 

I=N+ 1-K 

S=0.0 

TFC I“-N) 117,17-117 

MM=I+1 

DO 18 J=MM,N 
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eee (CONT'D) 


18 S=S+A(1,J)*X(J) 

17 X(T)= (ROT) -S)/A(T,1) 
RETURN 
END 
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BE ARCA EA I IE A IC IE ICIS AE IK KC AK ICIS KC KC 3. aK aI IC BK aK SI AIS AK DICK 2 aK KC ICIS IC aK aI IC aK aK 2 216 3K akc 2 
SUBROUTINE FREN 


THIS SUBROUTINE CALCULATES THE FREE ENERGY 
CONTRIBUTION OF EACH SPECIE TO THE SYSTEM. 


Heke uUt He HK € 
HHH HH H HH 


BE A BIE OK IE OK AE OIC IK AE IC IC KK BK AS KK AE OK OIE OE OK IK IK IE OK DK OK OK OK AIS AIS OK DIS DIE AE IS IK OK IC AS AE OK FE IS COIS IS OKC OC OK 2K 


SUBROUTINE FREN (Y9CyFsYBAR»Ny NG1) 
DIMENSION Y(3) 5C(3) 9F (3) 9NG1(3) 
YBAR=0.0 

DO 1 I=1,N 

YBAR=YBAR+Y (I) 

DO 2 T=1,N 

IF(NG1(1I)) 35394 
F(IT)=Y(1I)*(C(I)+ALOG(Y(1I)/YBAR) ) 
GO TO 2 

F(1I)=0.0 

CONTINUE 

RETURN 

END 
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SUBROUTINE NEFZE 


% % % + 


THIS SUBROUTINE TESTS FOR NEGATIVE OR ZERO AMOUNTS 
CF MOL ECUDAR SPECIES: ANU TAKES THE CORRECTIVE 
ACTION AS INDICATED IN THE METHOD REVIEW. 


4% 
3% 3 3 3t 3 3 


x 
BEAK IE DK RIE 2K SIE IC DI AIC OK ICC 3 OK OK IK OE ANC EOI A OK OK DIK OK SIE 2 CIE AK DIK IE OK SIS IK SK IK IS OE DIS OIE OO OK OKIE OIE OE OK IS aN OK 


SUBROUTINE NEZE (XY _N yNG1) 
DIMENSION X(3)9Y¥(3)9NG1(3) 
TEST=1.0 

DO 1 I=1,N 

IF(NG1(1)) 29291 

IF(X(1I)) 393 91 
SLAM=-0.99*Y(T)/(X(1)-Y(I)) 
TF(SLAM-TEST)494 1 
TEST=SLAM 

CONT INUE 

DO 5 IT=1,N 

TF(NG1(1)) 797,95 
X(T)=Y¥CT)+TEST*(X(1)-YCT)) 
IF(X(1)-0.10E-10) 6 96,5 
X(1)=0.0 

NG1(I)=1 

CONTINUE 

RETURN 

END 
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TABLE I.1 


>QMTBAL 
FILE STORAGE FLAGC1-STORE»s 2-NO) 
FUNCTION FLAGC(1-PROC NEW DATA OR 2-PROC FILE DATA) 


PRINT FLAGC1-TTYs 2-NONE ) 


>2 1 1 

WT OF CATALYSTCGM) $ NUMERIC FILE NO- 
>1-0213 1 

RUN NOesNOe OF FEED GeCesNO~e OF PRODe GeCe 
>F-06 3 3 


TEMP*REACTe INLETs»OUTLETs PRESS-FEED»s REACT-»D/P CELL 
>152¢4 1564 40¢ SSe 91-8 

SPECIFY H20 FEED PUMP PCT AND TEMP 

>Be Be 

ATMOSPHERIC PRESSURE 

>7956 

FEED GeCe AREAS=-N2sH2Ss2COSs SO02sH205 C02 
>201267 203878 279198 117223 @ @ 
>200969 290308 278458 114565 BB @ 
>201201 203233 276263 122204 @ @ 

PROD. GeCe AREAS 

>199037 133398 244301 62466 32932 21117 
>199785 131616 244920 63089 30115 29994 
>200025 132677 243946 62988 27860 20994 
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TABLE I.2 
RUN NUMBER F-86 
WTe OF CATALYST 1-821 
REACTOR INLET TEMP 556+ 48 
REACTOR OUTLET TEMP 556-05 
REACTION PRESSURE 9380-18 
SPACE VELOCITY SPACE TIME 
BASE ON TOTAL FEED GAS 8-611 H-116 
BASE ON H2S FEED RATE 6-259 3°859 
BASE ON COS FEED RATE @-258 3-861 
BASE ON S02 FEED RATE 0-131 72594 
VOLUMETRIC FEED RATE 8-795 
CONVERSION OF H2S 0-33 
CONVERSION OF COS B-11 
CONVERSION OF S02 8-45 
MOLECULAR FEED PARTIAL PRESSURE MATERIAL BALANCE 
SPECIE COMPOSITION IN REACTOR FEED PRODUCT 
(MOLE PERCENT) CMM HG) CGM-MOL)/HR) 
N2 92-45 863-5 16-285 10-285 
H2S 3°08 18-5 0-334 @-221 
cos 3°80 24-8 0-334 0-296 
S02 1-52 77 0-170 8-892 
H20 0-86 95 0-800 8-113 
co02 0-80 3-2 0-880 0-838 
SX 8-AB 2-6 0-869 6-631 


AVERAGE NO OF SULFUR ATOMS/MOLECULE = 7227 
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Experimental data were tabulated using the following 


symbolic representation. 


Catalyst 
l= 
2= 
3 = 


Aa 


Attenuation scheme; 


2= 
3 = 
Experimental 
A= H,S 
B = COS 
Cp COn: 
D = COS 
E = COs 
F = COS 
G = COS 
H = COS 
I = COs 
J = 


type; 


y-alumina 


5.4% Cu - 


12.08% Cu 


16.07% Cu 


(Kaiser S-201) 
alumina 


alumina 


alumina 


attenuation scheme II in Appendix A 


attenuation scheme III in Appendix A 


run; 
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BeO 
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HO 
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reaction on catalyst type 2 
reaction on catalyst type 2 
- so, reaction on catalyst type 2 
reaction on catalyst type 2 
at SO, reaction on catalyst type 2 
- SO, reaction on catalyst type 3 
_ SO. reaction on catalyst type 4 
= SO. reaction on catalyst type l 


reaction on catalyst type 1l 


Test of bifunctional characteristics of 


catalyst type 3 
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